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    Oral bacterial adhesion to dental enamel surfaces depends on many factors 
including surface free energy, hydrophobicity, and surface charge of both bacterium 
and enamel. Numerous studies have demonstrated that exposure of dental enamel to 
heat or laser irradiation reduced demineralization of enamel and dentin. However, 
there has been no study investigating the link of heat/laser-induced changes of 
physicochemical properties to bacterial adhesion. It was hypothesized that proper 
heating may change the physicochemical properties of enamel to reduce or inhibit 
bacterial adhesion.  
Therefore, this study was aimed (1) to evaluate the physicochemical properties 
of enamel after thermal treatment, (2) to characterize the physicochemical properties 
of the three pioneer strains of oral bacteria, and (3) to quantify bacterial adhesion by 
adhesion assay, confocal laser scanning microscopy observation and oral bacterial 
adhesion force measured by atomic force microscopy. 
Firstly, the hydrophobicity of enamel increased after heating (p<0.05) and the 
zeta potential of heated enamel became more negative than the control (p<0.01).  
Secondly, the physicochemical properties of three bacterial strains were different. 
Streptococcus oralis and S. mitis were more hydrophilic than S. sanguis with more 
negative zeta potential (all p<0.01). 
Thirdly, adhesion assay was used to calculate percentages of the bacterial 
adhesion to enamel particles with or without saliva and/or heating. Adhesion (%) of S. 
oralis and S. mitis to the enamel decreased after heating, without saliva coating, 
around 15% and 13% (p>0.05), respectively; and with saliva coating, 23% and 28% 
  xi
(both p<0.05), respectively. However, thermal treatments did not significantly 
influence the adhesion of S. sanguis. 
Confocal laser scanning microscopy was employed to quantify the percentage of 
enamel surface covered by adherent bacteria. Heating has significantly reduced the 
ratios of areas occupied by S. mitis and S. oralis (p<0.05) except for S. mitis adherent 
onto saliva-coated enamel (p>0.05). However, heating did not influence the adhesion 
of S. sanguis.  
Nanoscale adhesion forces of bacteria to enamel were quantified by atomic force 
microscopy. Without or with saliva coating, the adhesion force of S. mitis decreased 
significantly after enamel was heated (p<0.01) together with S. oralis, although not 
reaching the statistical significance (p>0.05). However, for S. sanguis, the adhesion 
forces were not significantly affected by heating (p>0.05).  
In conclusion, a proper thermal treatment may change the physicochemical 
properties of enamel surfaces to prevent the adhesion of oral pioneer strains, such as S. 
mitis, S. oralis in the mouth. Therefore, the photothermal effects of laser treatment on 
enamel surface may be promising in preventing the oral bacterial adhesion, in 
addition to the reduction of demineralization and diffusion in enamel. 
  xii
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INTRODUCTION CHAPTER I 
Bacterial adhesion to surfaces is ubiquitous and known to play an important 
role in a wide range of environments, such as in the oral cavity (Rosan and 
Lamont, 2000), on biomaterial implants in the human body (Harkes et al., 1991) 
and on ship hulls (Cooksey and Wiggleworth-cooksey, 1995). Once bacteria attach 
to a surface, a multi-step process starts, which results in a complex adhering 
microbial community, called a ‘biofilm’. Biofilms can be useful, such as in 
wastewater treatment (Nicolella et al., 2000). However, it can also be hazardous. 
For instance, oral bacterial adhesion contributes to caries and periodontal disease 
(Bortolaia and Sbordone, 2002). In the medical field, the formation of biofilms on 
devices such as catheters and orthopaedic implants frequently results in their 
failure and makes their removal necessary (Gristina, 1987). The principal implants, 
including coronary stents, heart valves, implantable neurological stimulators, can 
be compromised by biofilm-associated infections (Costerton et al., 2005). In the 
shipping industry, biofilm on ship hulls is responsible for increased fuel 
consumption. In the food industry, biofilm formation on food-processing 
equipment is recognized to cause contamination, leading to spoilage or disease 
(Kumar and Anand, 1998).                                           
    To fully understand the fundamental bacterial adhesion mechanism can be a 
formidable task. To date, the physical and molecular interactions that determine 
bacterial adhesion to biomaterial surfaces have not been fully understood. 
Normally, bacterial adhesion consists of two kinetically distinct events: the initial, 
non-specific, reversible, long-range interaction of bacteria with a surface, 
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followed by the specific, irreversible, short-range interaction such as 
receptor-ligand binding events (Gristina, 1987). When bacteria move towards a 
substratum surface, the initial interaction between a bacterium and the surface is 
governed by long- and medium-range forces, principally Lifshitz-Van der Waals 
and electrostatic forces. Other short-range, stereospecific interactions may mediate 
irreversible adhesion of bacteria to a surface.  
    In the oral cavity, the formation of microbial communities related to the teeth, 
known as dental plaque, begins immediately after tooth cleaning with the 
adsorption of salivary proteins, i.e., the acquired pellicle (van Hoogmoed et al., 
2004). Within 2h after cleaning, pioneer oral streptococci, such as Streptococcus 
sanguis, Streptococcus mitis, and Streptococcus oralis, attach to the enamel 
pellicle. In biological environments (including the oral cavity), all exposed 
surfaces rapidly adsorb a proteinaceous layer (Pratt-Terpstra et al., 1989) to which 
microorganisms adhere. Researchers believe that the streptococcal adhesion to 
dental enamel was governed to a large extent by the properties of the adsorbed 
salivary protein layer (Pratt-Terpstra et al., 1989). Although bacterial adhesion to 
protein-covered substrata seems to be mediated mainly by the adsorbed proteins, 
several researchers reported a sustaining influence of the underlying substratum 
(Dexter and Lucas, 1985; Pratt-Terpstra et al., 1987). However, little is known 
about the relative contribution of the solid substratum and the proteinaceous layer 
to bacterial adhesion. 
    Numerous studies verified that dental enamel exposure to heat or laser 
irradiation increased the resistance to caries by reducing the rate of enamel 
demineralization (Yamamato et al., 1974; Nammour et al., 1992; Hsu et al., 2001). 
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The suspected mechanisms include changes to solubility and permeability (Nelson 
et al., 1986; 1987). The structural, compositional, and phase changes in tooth 
enamel apatite and related calcium phosphates caused by conventional furnace in 
air at normal pressure were found to parallel those induced by laser-irradiation 
heating (Fowler and Kuroda, 1986). Protein adsorption, cellular attachment and 
growth were found to be different on two sintered hydroxyapatite-based 
bioceramics due to the different quantity of microporosities formed during 
sintering (Rouahi et al., 2006). 
   The compositional and crystal changes in heated enamel have been 
investigated intensively. The methods used include X-ray diffraction (Oho and 
Morioka, 1990), thermogravimetric analysis (Oho and Morioka, 1990), and 
Fourier transform infrared spectroscopy (Holcomb and Young, 1980). However, 
there have been no studies to analyze the changes of physicochemical properties, 
such as hydrophobicity, surface free energy and zeta potential of the enamel 
surface modified by heat. Those surface properties may be related to oral bacterial 
adhesion and may influence the adhesion. The only study about the effects of laser 
irradiation on surface free energy (SFE) reported that SFE increased as the surface 
roughness increased after laser energy was absorbed by dental tissues (Armengol 
et al., 2003).  
In earlier studies, bacterial adhesion was evaluated by enumerating the 
adherent cells. The atomic force microscope (AFM) has become a valuable tool 
for probing the interactions of bacteria and planar surfaces. The AFM has been 
used widely to explore nanoscale interactions between colloidal particles and 
planar surfaces (Butt，1991). This technology provides a solution to measure small 
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range interactions between microbes and flat surfaces directly (Lower et al., 2001). 
A force-distance curve offers important information on the interaction. When 
bacteria are immobilized onto the tip of a cantilever, the bacteria functionalized 
probe can be used to investigate the interactions of bacteria with various surfaces 
(Razatos et al., 1998a, b). Currently, there are no studies that have investigated the 
interactive forces between the oral pioneer strains and dental enamel. Determining 
whether the physicochemical changes of the enamel surface after thermal 
modification can influence the interactive force between oral bacteria and enamel 
surfaces will help us better understand the adhesion mechanism and develop 
approaches to decrease the adhesion of the oral bacteria to the enamel surfaces and 
thus prevent oral biofilm formation. 
Currently, the knowledge gaps related to the heating effect on enamel 
surfaces are as follows: 
(1) The physicochemical properties of heated enamel have not been characterized, 
including hydrophobicity and zeta potential. 
(2) The influence of heated enamel on bacterial adhesion has not been 
investigated. 
(3) It was not known if saliva coating may mask the heating effect on the 
physicochemical properties of enamel and bacterial adhesion. 
(4) Nanoscale interaction forces between oral pioneer strains and human enamel 
have not been quantified and compared.    
The hypotheses of this study are: 
(1) The physicochemical properties of heated enamel, including hydrophobicity 
and zeta potential, are different to those of unheated enamel. 
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(2) Heating influences bacterial adhesion to enamel surfaces. 
(3) Saliva coating does not mask the heating effect on the physicochemical 
properties of enamel and bacterial adhesion. 
(4) Heating changes the nanoscale interaction between oral pioneer strains and 
human enamel. 
Therefore, the objectives of the study are: 
(1) To evaluate the physicochemical properties of enamel surfaces with or without 
heat/saliva using contact angle and electrophoretic mobility measurements.  
(2) To characterize the physicochemical properties of three oral pioneer strains 
using contact angle and electrophoretic mobility measurements. 
(3) To quantify the influence of heat/saliva on bacterial adhesion by adhesion 
assay and confocal laser scanning microscopy (CLSM) observation. 
(4) To measure the nanoscale interaction forces between oral bacterial and enamel 
surfaces with or without heat/saliva using atomic force microscopy (AFM).  
   In this study, we tried to establish the proper thermal treatment that changed 
the physicochemical properties of enamel surfaces to prevent the adhesion of oral 
pioneer strains. Therefore, the photothermal effects of laser treatment on enamel 
surface may be a promising strategy in preventing the oral bacterial adhesion in 
addition to the reduction of demineralization and diffusion in enamel. Identifying 
the proper heat parameters may facilitate the clinical use of lasers in preventing 
dental caries. 
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LITERATURE REVIEW CHAPTER II                
2.1 ORAL MICROBIAL ADHESION      
More than 500 bacterial taxa have been registered in samples taken from the 
human oral cavity, and approximately 300 taxa have been named (Whittaker et al., 
1996; Spratt, 2004). Bacterial adhesion to the enamel surfaces is considered to be 
an important ecologic and pathogenic determinant factor in the development of 
dental caries, which is an infectious disease. Much effort has been gone into 
elucidating the various mechanisms of microbial adhesion to tooth surfaces. 
 
2.1.1Biofilm formation 
Biofilm growth is governed by a range of chemical, physical and biological 
processes. Although the appearance and function of biofilms in a variety of 
environments may be different, all biofilms including oral biofilms are formed 
according to the following basic sequences of events (Van Houdt and Michiels, 
2005) (Figure 2.1): 
  
Stage 1  Initial reversible adhesion of planktonic bacterial cells that approach the 
substratum surface by bacterial motility and fluid stream. The substratum 
surface is always a conditioned surface by adsorption of various solutes 
from the surrounding environment.  
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Stage 2  Transition from reversible to irreversible adhesion by the specific 
adhesins located on fimbriae and pili and/or production of extracellular 
polymers by bacteria. 
Stage 3  Early development of biofilm architecture. 
Stage 4  Development of microcolonies into a mature biofilm. In this stage, 
extracellular polymeric substances continue to be produced and serve as 
an adhesive matrix. 
Stage 5  Dispersion of bacterial cells from the biofilm into the surrounding 











Figure 2.1 Schematic, sequential illustration of the steps involved in biofilm formation. 
Adapted from Van Houdt and Michiels (2005) with permission.  
 
2.1.2 Early colonizers and oral pioneer strains  
    A microorganism may be able to adhere but unable to grow in a special 
flowing environment. When the environment becomes more favourable, the 
organisms may attach, proliferate and form a major portion of the biofilm. Firstly, 
  8
the acquired pellicle covers the tooth surface after cleaning. Although early 
colonizers to the pellicle on teeth surfaces are oral streptococci and Gram-positive 
rods such as Actinomyces naeslundii, the earliest colonizers are overwhelmingly 
streptococci, which constitute 47 to 87% of the cultivable cells found during the 
first 4 hours after teeth cleaning (Kolenbrander and London, 1993). Studies 
revealed that the early colonizing streptococci belonged mainly to three species: 
Streptococcus mitis, Streptococcus oralis and Streptococcus sanguis, which 
represented 60–90% of the cultivable streptococci (Rickard et al., 2003). Within 
12 hours the population would have diversified to include actinomyces, 
capnocytophagae, haemophili, prevotellae, propionibacteria, and veillonellae. 
Many of the early colonizers are known to recognize the components of the 
acquired pellicle that covers the newly cleaned tooth surface. Most of the 
early-colonizing streptococci (S. oralis, S. sanguis and S. mitis) offer receptor 
molecules to other indigenous flora. Early colonizers adhere directly to the pellicle 
and exhibit extensive inter- and intragenetic coaggregation. Coaggregation may be 
intra-, inter- or multigenetic, and it is different from the interactions among clonal 
populations. Generally, secondary colonizers produce protein adhesins that 
recognize receptors on primary colonizers such as streptococci and actinomyces 
(Rickard et al., 2003).   
The three pioneer species (Streptococcus mitis, S. oralis and S. sanguis) 
belong to the Mitis group according to the new classification of oral streptococci 
(Whiley and Beighton, 1998). Strains of the Mitis group are α-hemolytic on blood 
agar. Extracellular polysaccharide is not produced on sucrose-containing agar. 
Acid is produced from N-acetyl-glucosamine, fructose, galactose and maltose, and 
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majority of strains produce acid from pullulan, cellobiose, lactose, melibiose and 
raffinose. The three type strains of S. mitis, S. oralis and S. sanguis are ATCC 
49456 (NCTC 12261), ATCC 35037 (NCTC 11427) and ATCC 10556 (NCTC 
7863), respectively (Whiley and Beighton, 1998). They were used in this study.  
 
2.1.2.1 Adhesins 
The prevalence of microbial species on a surface has been found to correlate 
with the microorganism’s inherent ability to adhere to the surface (Gibbons and 
Houte, 1975). Most microorganisms possess a vast number of adhesins which may 
bind stereochemically to complementary receptors on the interacting surface. 
Adhesins often are associated with filamentous appendages or fimbriae, or with 
high-molecular-weight proteins extending from the microbial surface. Electron 
microscopic studies of dental plaque revealed that early colonizers of the tooth 
surfaces were connected by microbial surface fimbriae (Nyvad and Fejerskov, 
1987; Goulter et al., 2009). Fimbriae, which can act as adhesins often, possess 
hydrophobic domains which consist of non-polar amino acids conferring 
adhesion.  
 
2.1.2.2 Surface structures of Mitis Streptococci 
     Currently, the oral streptococci are classified into four species groups, 
nominated “mitis”, “mutans”, “salivarius”, and “anginosus” groups (Whiley and 
Beighton, 1998). Bacteria of Mitis group are primary colonizers of the cleaned 
tooth surface, attaching to receptors in the acquired glycoprotein pellicle. The 
Mitis group consists of S. mitis, S. oralis, S. sanguis, S. gordonii, S. parasanguis, S. 
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crista, S. pneumoniae (Whiley and Beighton, 1998). In addition, the members of 
Mitis group could undergo intragenetic and intergenetic co-aggregation with other 
partner organisms in vivo, a property that is proposed to contribute to plaque 
accumulation (Kolenbrander and London, 1992). The Mitis group is 
biochemically heterogeneous and has undergone major changes in nomenclature 
over the last decade. There are very few biochemical analyses and surface 
structural studies carried out on fibrils of strains of Mitis group bacteria and the 
functions of the observed structures are not known in most cases. 
 
2.1.2.2.1 Appendages of Mitis Streptococci 
The frequency of occurrence of surface structures on species of Mitis group 
is very high and various appendages have been detected on different species 
(Elliott et al., 2003). Two classes of surface structures, including fibrils and 
fimbriae, have been found on the Mitis streptococci based on morphological 
descriptions of bacterial surfaces observed by electron microscopy.  
 
2.1.2.2.1.1 Fibril   
Fibrils appear more rigid and are shorter than fimbriae, usually extending up 
to 200 nm from the cell surface. The length, distribution and density of fibrils on 
the surface of Mitis streptococci may vary in a species- or strain-dependent 
manner. A strain may express two or more fibril types with different characteristic 
length and properties. 
   Unlike S. salivarius strains, the majority of S. sanguis (including NCTC 10904, 
GW2 and FC-1), S. oralis (including KN, EY3 and CN3410) and S. gordonii 
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(including JF2, MJ2, DL1 PAR CH2, GMO2 and LMH) elaborate fibrils and carry 
Csh-like proteins on the surface (Elliott et al., 2003). The fibril density ranges 
from very sparse to very dense (Handley et al., 1985; Elliott et al., 2003). Many of 
these strains possess short (48-75 nm) sparse fibrils (McNab et al., 2002). The 
existence of fibrillar structures on the surfaces has been related to their cell surface 
hydrophobicities (Fives-Taylor and Thompson, 1985; McNab et al., 1999), 
abilities to aggregate with other oral bacteria (Harty and Handley, 1989) and 
adhesion to saliva-coated hydroxyapatite (McNab et al., 1999). CshA is a 
polypeptide with molecular mass 259KDa which is anchored through a region at 
the carboxyl-terminal end of the polypeptide to the cell wall. CshA polypeptide 
can be separated into four sections: (1) a 41 residue N-terminal signal sequence; (2) 
a non-repetitive region (residues 42-878); (3) an extensive amino acid repeat block 
region (residues 879-2417); (4) a C-terminal cell wall anchor domain (residues 
2418-2508) (McNab et al., 2002). CshA polypeptide, which was the determinant 
of hydrophobicity (McNab et al., 1995), was found to be a functional and 




   Fimbriae are thin, flexible structures up to 3 μm in length with a defined width 
of 3-5 nm. Besides the presence of fibrils on the surface of the mitis group, 
fimbriae are found on S. sanguis (McNab et al., 2002). However, fimbriae have 
not been consistently reported on other mitis-group streptococci (McNab et al., 
2002).  
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S. sanguis strain FW 213 expresses a dense array of peritrichous fimbriae, 
which is an unusual character in Mitis streptococci. Afimbriate mutant of S. 
sanguis cannot adhere to saliva-coated hydroxyapatite (SHA) (Fives-Taylor and 
Thompson, 1985). Antibodies raised to fimbriae can block the adhesion of S. 
parasanguis to SHA (Fachon-Kalweit et al., 1985).  
 Two putative adhesin genes, fimA and fap 1 have been identified and found 
to be associated with the structure and function of adhesive fimbriae of S. sanguis. 
The gene clone, fimA, encodes a 53KDa protein which is a lipoprotein and called 
FimA. FimA is not required for formation of fimbriae because iosogenic fimA 
mutans of S. parasanguis obtain fimbriae (Fenno et al., 1995). The other gene 
clone, fap 1, encodes a novel protein which is called Fap 1. Fap 1 has unusual and 
highly repetitive sequence (Wu et al., 1998; Wu and Fives-Taylor, 1999). 
Insertional inactivation of fap 1 leads to loss of fimbriae and reduce bacterial 
adhesion to saliva-coated hydroxyapatite (SHA) (Wu and Fives-Taylor, 1999), 
indicating Fap 1on the cell surface is necessary for fimbriae formation.  
    
2.1.2.2.2 Specific surface proteins/adhesins on Mitis Streptococci 
    The surface structure of a typical Gram-positive coccus is very complex and 
includes peptidoglycan, proteins, and teichoic acids (Ofek and Doyle, 1994). Any 
of these surface-active components, alone or together, may mediate the adhesion 
of bacteria to enamel surfaces. Attempts have been made in the identification of 
specific proteins on oral Mitis streptococci using molecular genetic approaches 
(Hamada et al., 2004, Yamaguchi et al., 2006). Mitis group streptococci are shown 
to have multiple adhesins for salivary molecules. Cells of S. sanguis 12 produced 
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protein SsaB (Streptococcus sanguis adhesin B), which belong to Lral family and 
bind to unknown receptors in saliva (Jenkinson, 1994). Cells of S. mitis KS32AR 
produced surface lectins which bind to low-molecular-weight salivary 
glycoproteins (Murray et al., 1986). Two lectin-like adhesins on the surface of S. 
oralis ATCC 10557, a galactose-binding lectin and a sialic acid-binding protein 
(SABP), have been shown to interact with the glycoprotein of saliva (Murray et al., 
1986). Nesbitt et al. (1982a) suggested that the adherence of S. sanguis MJM 19 to 
experimental salivary pellicle was at least partially dependent on the formation of 
hydrophobic bonds between the streptococci and adsorbed salivary protein. There 
were at least three distinct, functional adhesion epitopes on the surface of S. 
sanguis 133-79 (Gong and Herzberg, 1997; Gong et al., 2000). Seven mechanisms 
of adhesion have been proposed for S. sanguis including different lectins and 
fibrils (Murray et al., 1982; Nesbitt et al., 1982a; liljemark and Bloomquist, 1981; 
Rosan et al., 1989; Hasty et al., 1992; Jenkinson, 1994) (Table 2.1).  
 
2.1.2.2.3 Surface structures of three strains investigated in this study 
Three bacterial strains (S. mitis ATCC 49456, S. oralis ATCC 35037 and S. 
sanguis ATCC 10556) were used in this study. There are no reports about the 
surface structures and adhesins of S. mitis ATCC 49456. S. oralis 35037 was 
found to carry short peritrichous fibrils but the lengths of fibrils were not 
measured (Elliott et al., 2003). S. oralis 35037 was found to express CshA protein 
on the surfaces (Elliott et al., 2003). CshA peptide is the structural and functional 
component of adhesive fibrils and provides a molecular basis for the correlations 
of surface fibril production, cell surface hydrophobicity, and bacterial adhesion 
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(McNab et al., 1999). CshA can act as a multifunctional adhesin and can mediate 
binding to fibronectin. S. sanguis ATCC 10556 was found to contain multiple 
surface proteins including CshA (McNab et al., 1995), lectins (Ruhl et al., 2004), 
Sortase A (Yamaguchi et al., 2006), Ssp B-like (Hamada et al., 2004), an unknown 
adhesin binding to fibrinogen (Lee, 2001), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (Maeda et al., 2004), membrane-associated 
endopeptidase and arylaminopeptidase (Cowman and Baron, 1991). Cell-surface 
hydrophobicity of S. sanguis results from the amino acid repeat blocks of CshA 
polypeptides (McNab et al., 1995). Lectins can serve as receptors for sialic acid, a 
glycoprotein in saliva (Murry et al., 1982; Ruhl et al., 2004). Sortase A (Srt A) 
may determine the hydrophobicity of cell surface since a deficiency of Srt A gene 
resulted in a decrease in S. sanguis hydrophobicity (Yamaguchi et al., 2006). It 
was also strongly suggested that LPXTG-containing surface proteins which were 
anchored with SrtA played multiple roles in bacterial adhesion (Yamaguchi et al., 
2006). Ssp B-like adhesin on bacterial surface can bind to the unknown 
components in saliva (Hamada et al., 2004). The unknown adhesin expressed on 
the surface of S. sanguis ATCC 10556 specifically binds to fibrinogen (Lee et al., 
2001). S. sanguis ATCC 10556 also exhibited high cell surface 
glyceraldehyde-3-phosphate dehydrogenase activity and coaggregation activity. 
GAPDHs mediated the interaction of S. sanguis with P. gingivalis fimbriae 
(Maeda et al., 2004). The membrane-associated endopeptidase and 
acrylaminopeptidase found on S. sanguis ATCC 10556 could provide a 
mechanism for hydrolysis and subsequent utilization of polypeptide and 
oligopeptide substrates as sources of amino acids for growth (Cowman and Baron, 
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1991) (Table 2.1). 
Table 2.1 Protein composition of Mitis streptococcal surface structures 
Strains Surface structures Functions References 
S. oralis  
ATCC 35037  
Csh-like proteins/fibril Determination of hydrophobicity,  
binding to fibronectin 
Elliott et al., 2003 
Black et al., 2004 
Csh A protein Determination of hydrophobicity, 
binding to fibronectin 
McNab et al., 1995 
Black et al., 2004 
Lectins  Binding to sialic acid Ruhl et al., 2004 
Sortase A  Determination of hydrophobicity Yamaguchi et al.,  
2006 
Unknown surface proteins Binding to fibrinogen Lee et al., 2001 
Ssp B-like adhesin  Binding to unknown salivary 
component 
Hamada et al., 2004 
Glyceraldehyde-3-phospate 
dehydrogenases (GAPDH)  
Mediating the interaction of S.  
sanguis with P. gingivalis  
fimbriae  
Maeda et al., 2004 





Hydrolysis and subsequent 




Baron, 1991  
S. sanguis 12  SsaB/fibril  
 





Binding to salivary component McNab et al., 2002 S. sanguis  
FW 213 
Fame Binding to fibrin McNab et al., 2002 
S. sanguis G9B lectins Binding to salivary glycoprotein  Murray et al., 1982 
S. sanguis S7 Unknown adhesin Binding to unknown salivary 
components  
Liljemark and 
Bloomquist, 1981  
S. sanguis  
133-79 
Unknown adhesin  Binding to α-amylase, sIg A, 
high-molecular weight component 
Gong et al., 2000 
S. oralis 
ATCC 10557 
lectins  Binding to salivary glycoprotein  Murray et al., 1986 
S. mitiis  
KS32AR  
lectins Binding to salivary glycoprotein  Murray et al., 1986 
S. gordonii M5 Lectins Binding to NeuNac Demuth et al., 
1990 
S. sanguis NCTC 10904 
S. sanguis GW2 
S. sanguis FC-1 
S. oralis EY3 
S. oralis CN3410 
S. gordonii JF2 
S. gordonii  MJ2 
S. gordonii DL1 
S. gordonii PAR 
S. gordonii CH2 
S. gordonii GMO2 
S. gordonii LMH 
Csh-like proteins/fibril Determination of hydrophobicity Elliott et al., 2003 Black et al., 2004 
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2.1.2.3 Physicochemical properties of Mitis streptococci 
   The physicochemical properties of cell surface properties can be assessed by 
measuring zeta potential, by particular microelectrophoresis and the intrinsic cell 
surface hydrophobicity by contact angles and other methods reviewed later (van 
der Mei et al., 1988).  
The hydrophobicity of the cell surfaces can vary widely among different 
microbial strains. For instance, water contact angles on oral streptococci can be as 
high as 103º for S. mitis BA (van der Mei et al., 1988), but as low as 24º on S. 
oralis 34 (Sharma and Rao, 2002). For such a collection of widely different strains, 
combination of X-ray photoelectron spectroscopy (XPS) and contact angle data 
have demonstrated that hydrophobicity is conveyed to the bacterial surface by 
nitrogen-rich groups and these hydrophobic strains have high isoelectric points 
(the pH at which their zeta potential is zero) (van der Mei et al., 1988). Cell 
surface fibrils also influenced the overall cell surface properties in proportion to 
their prevalence (Elliott et al., 2003).  
Most bacteria are negatively charged in the aqueous environment (Hogt et al., 
1985). The absolute values of zeta potentials can be influenced by many factors 
including the pH, the content of polyvalent, the ionic strength of the suspending 
medium, the bacterial surface structures, and bacterial age (Olsson et al., 1976, 
Katsikogianni and Missirlis, 2004). The surface potential seems to be a 
characteristic for various bacterial strains. S. mitis strains (ATCC 9811, ATCC 
33399, BMS, 272) were about -10 mV in the potassium phosphate buffer (10 mM) 
at a voltage of 150 V (Cowan et al., 1992). S. mitis BA with a high N/C and low 
O/C ratios had an elevated isoelectric point compared with S. salivarius HBC12 
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with low N/C and high O/C ratios (van der Mei et al., 1989). Zeta potentials of S. 
sanguis C7-2 and C7-3 were -12.4 and -7.1 mV in potassium chloride buffer 
respectively (Weerkamp et al., 1988). Comparison of the values of zeta potentials 
among different bacteria under similar experimental conditions (pH, suspending 
buffer and electrical field) is more meaningful.  
 
2.1.2.3.1 Physicochemical properties of three strains in this study 
Tests of microbial adhesion to hydrocarbons (MATH) indicated that the cell 
surfaces of S. sanguis ATCC 10556 and S. oralis ATCC 35037 exhibited strong 
hydrophobicity according to the criteria, whereas S. mitis ATCC 49456 was 
hydrophilic (Sardin et al., 2004; Yamaguchi et al., 2006). Water contact angle of S. 
sanguis ATCC 10556 was reported to be 22º (Sharma and Rao et al., 2002). The 
water contact angles data of the other two strains are unavailable now. A cell wall 
protein of S. sanguis ATCC 10556, Sortase A (Srt A), may determine the 
hydrophobicity of the cell surface because a deficiency of the srtA gene resulted in 
a decrease in S. sanguis hydrophobicity (Yamaguchi et al., 2006). Cell-surface 
hydrophobicity of S. sanguis ATCC 10556 may also result from the amino acid 
repeat blocks of CshA polypeptides expressed on the surface (McNab et al., 1995). 
S. oralis 35037 can express the CshA-like proteins on the surfaces, which 
conferred the hydrophobicity (Elliott et al., 2003; Black et al., 2004).  
Zeta potential of S. sanguis ATCC 10556 was -21.7 mV in 10-2 M potassium 
phosphate buffer at a voltage of 40 V (Olsson et al., 1976). It was -69.37 mV in 
potassium chloride buffer at a voltage of 25 V (Saito et al., 1997). The discrepancy 
of the absolute data of the same strain may be due to the different buffers and 
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electrical fields. Significant difference of zeta potential was found within strains of 
S. sanguis (Olsson et al., 1976). S. sanguis ATCC 10556 showed less negative zeta 
potential than other S. sanguis strains (MPD1, MPB1, ATCC 10558 and KPB1) 
and S. mutans serotype b (Fa-1 and BHT) (Olsson et al., 1976). Satou J et al. 
(1988) found that S. sanguis ATCC 10556 and 10557 had less negative zeta 
potential than S. mutans Ingritt and OMZ 176. Currently, there are no reports of 
the zeta potentials of S. oralis ATCC 35037 and S. mitis ATCC 49456.   
 
2.1.2.4 Relationship between physicochemical properties and surface 
components 
    Hydrophobicity and zeta potential of bacterial surfaces are a direct 
consequence of the chemical composition and surface features of the organisms 
(van der Mei et al., 1998a).  
Hydrophobic surfaces or domains on surfaces could be produced by a range 
of bacterial surface components. Proteins are the most likely candidates (Hancock, 
1991). Bacterial cells with relatively high N/C ratios tend to be hydrophobic, 
which reflects the role of protein in bacterial hydrophobicity (Ofek and Doyle, 
1994). Figure 2.2 provides an arbitrary outline of the relative hydrophobicities of 
surface structures and surface molecules found in bacteria (Ofek and Doyle, 1994). 
Bacterial appendages, fibril and fimbriae, together with proteins on the wall confer 
the hydrophobicity. 
Surface charges of a bacterium may govern its adhesion to a surface. Most 
bacterial surfaces are negatively charged at physiological pH values. A bacterial 
surface with high content of teichoic acid is expected to have lower zeta potential 
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(more negative) than cells with no teichoic acid (Ofek and Doyle, 1994). 
Nonfibrillar and low adherent mutants of S. salivarius had lower zeta potential 
than the parent strain. Loss of fibril is accompanied by exposure of teichoic acids 
on the surfaces of the mutans (Ofek and Doyle, 1994).  
It has been found that a high surface charge is always accompanied by a 
hydrophilic character of the bacteria (Merritt and An, 2000), which means that the 










Figure 2.2 Relative hydrophobicities of bacterial cell surface components. Adapted and 
modified from Ofek and Doyle (1994) with permission. 
 
 
2.1.3 Coaggregation in dental plaque formation 
 
In the oral cavity, the metabolism and physiology of multi-species biofilms 
are greatly complex. Coaggregation has been described as the recognition and 
adhesion between genetically different bacterial pairs, which is found highly 
specific. The coaggregation is usually built by an ‘adhesin’ on one cell type and a 
complementary ‘receptor’ on the other. Coaggregation contributes to the 
development of biofilms by two ways. One way is by single cells in suspension 
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specifically recognizing and adhering to genetically distinct cells in the biofilm 
development. The other way is by the prior coaggregation in suspension of 
secondary colonizers followed by the subsequent adhesion of the coaggregate to 
the biofilm. Coadhesion is the process that bacterial cells in suspension 
specifically adhere to cells in the biofilm (Rickard et al., 2003). Coadhesion can 
happen between genetically similar or dissimilar strains.  
   Firstly, the early colonizers, Streptococci and Actinomyces, attach to 
glycoproteins, mucins, and other salivary proteins on the tooth surface. These 
salivary proteins are deposited on a clean tooth surface and are called the 
"acquired pellicle." Bacterial surface structures including pili, fimbriae and outer 
membrane proteins, as well as salivary proteins in the acquired pellicle play 
important roles in this initial attachment. Continuous development of the oral 
biofilm depends on mutual interaction of bacteria of the same or different genera 
through coaggregation and coadhesion. 
 S. oralis, S. sanguis and S. mitis constitute 60-90% of the cultivable 
streptococci within the first 4h of plaque formation. Other bacteria recovered from 
the early dental plaque primarily contain cocci and short rods. After 24h, the 
mature plaque comprises many more morphological types of bacteria and form 
complex structures such as ‘corn cobs’ (Rickard et al., 2003). The oral biofilm 
continues to develop as late colonizers, such as Capnocytophaga, Haemophili, 
Prevotellae, Propionibacteria, Veilonellae and certain Streptococci, start to 
colonize the tooth surface. 
Early-colonizing bacteria coaggregate extensively among each other and with 
F. nucleatum. Both Streptococci and Actinomyces coaggregate with only certain 
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strains of those late colonizers (Kolenbrander and London, 1993). S. oralis and S. 
sanguis can coaggregate with Prevotella loescheii (Cavedon and London, 1993). 
Streptococcus gordonii can coaggregate with Porphyromonas gingivalis which is 
the main periodontal pathogen (Lamont et al., 2002). However, many of the late 
colonizers could not regularly interact with each other. Fusobacterium nucleatum, 
serve as important bridges between these early colonizers and the late colonizers. 
Later colonizers, such as Selenomonas flueggei, cannot coaggregate with early 
colonizers and instead coaggregate almost exclusively to F. nucleatum 
(Kolenbrander et al., 1989). Many late colonizers cannot become part of the dental 
plaque without F. nucleatum (Bradshaw et al., 1998). In addition, anaerobic late 
colonizers cannot survive in the planktonic state except that they coaggregate to F. 
nucleatum (Bradshaw et al., 1998; Diaz et al., 2002). Interestingly, no intrageneric 
coaggregation is observed within the fusobacteria, although intergeneric 
coaggregations occur between Fusobacteria and members of all of the other 
genera (Kolenbrander et al., 1990). Its role as a bridge of organisms and its 
various coaggregation interactions makes F. nucleatum an essential 
microorganism in the formation of oral biofilm.  
The association between the coaggregation ability of oral bacteria and the 
sequence of bacterial absorption into oral plaque indicates that coaggregation is a 
process strongly related with dental plaque development. 
 
2.1.4 Two stages in microbial adhesion 
Classical bacterial adhesion to a material surface can be represented as a 
two-phase process including an initial, instantaneous and reversible physical phase 
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(phase one) followed by an irreversible molecular and cellular phase (phase two).  
 
2.1.4.1 Reversible adhesion (phase 1) 
Planktonic microbial cells are firstly transported from suspension to the 
surface either by physical forces or by bacterial appendages. A portion of the 
bacterial cells reaching the surface reversibly attach. Variables such as available 
energy, bacterial orientation, surface functionality, pressure conditions and 
temperature, are local environmental factors which contribute to bacterial 
adhesion (Garrett et al., 2008). If repulsive forces are larger than the attractive 
forces in the reversible phase, the bacteria will detach from the surface. Physical 
forces related to bacterial adhesion include the van der Waals forces and 
electrostatic (double layer) interactions, which are recognized as the DVLO 
(Derjaguin, Verwey, Landau and Overbeek) forces (Katsikogianni and Missirlis, 
2004). DVLO theory has been used to describe the interaction between a colloidal 
particle and a flat surface as a balance between two factors, attractive van der 
Waals interactions and repulsive interactions from the overlap between the 
electrical double layers of the colloid and the substratum. The repulsive interaction 
is ascribed to negative charges of both the surfaces of the colloid and the 
substratum. 
The physical interactions can be further classified to long-range interactions 
and short-range interactions. The long-range interactions (nonspecific, distance 
>50nm) are a function of the distance (Katsikogianni and Missirlis, 2004). 
Short-range interactions may dominate when the cell and surface are very close (< 
5nm) (Figure 2.3). These can be divided into hydrophobic interactions, chemical 
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bonds including hydrogen bonding, ionic and dipole interactions (Katsikogianni 
and Missirlis, 2004). Bacteria are transported to the surface by the diffusion, 
convection, sedimentation or by bacterial motility. Long-range interactions play a 
certain role in this procedure. This initial bacterial attachment is the preliminary 
part of adhesion, which allows the molecular or cellular phase of irreversible 












Figure 2.3 Description of bacterial adhesion, non-specific and specific interaction. When 
separation distance is more than 50 nm, only attractive Van der Waals forces arise. At 10-20 
nm, Van der Waals and repulsive electrostatic interaction control bacterial adhesion. At < 5 nm, 
short-range interactions can occur, irreversibly binding a bacterium to a surface. Adapted and 
modified from Gottenbos et al. (2002) with permission.  
 
2.1.4.1.1 Long-range forces 
Bacteria could be thought as living colloidal particles, and they may follow 
the laws of physical chemistry. However, bacteria are far from standard colloidal 
particles because they do not have simple geometry, homogeneous molecular 




























If a colloidal particle approaches a surface, it interacts with the surface by 
means of two forces: Van der Waals forces which happen at distance even over 50 
nm and electrostatic forces that occur at closer approach. 
 
2.1.4.1.1.1 Van der Waals forces  
Three types of van der Waals forces exist, including (1) when two atoms 
approach each other up to a certain separation gap, they will attract each other due 
to induction of dipoles (relative change of the electrons in relation to the neutron: 
the London dispersion); (2) when a molecule (which normally possesses a dipole) 
reacts with the atom, a dipole-induced dipole situation is created (Debye force); (3) 
when two molecules approach each other, a dipole-dipole interaction appears 
(Kesson force).  
 
2.1.4.1.1.2 Electrostatic force 
A charged particle in a liquid will be always surrounded by counter charged 
ions which balance the surface charge (the electric double layer). When a particle 
approaches a surface, an electrostatic interaction will arise due to the overlap of 
the double layers of the particle and the surface. The interaction will be repulsive 
if both surfaces carry the same charge. On the other hand, an attraction will occur 
when the both structures have an opposite charge. The energy of this electrostatic 
interaction is determined by the zeta potential (Jacobasch et al., 1998). The 
distance where this interaction occurs is related to the thickness of the double 
layers. The thickness of the double layer depends on the ionic charges on the 
particle surface and the ionic strength of the liquid. In high ionic strength solutions, 
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the double layers are small so that both surfaces have to approach much closer to 
each other before an electrostatic interaction can occur. 
In nature, both bacteria and surfaces are mainly negatively charged and 
microbes are considered to be large particles. The electrostatic interaction is of a 
repulsive nature. The total interaction energy including the van der Waals 
attractive interaction and electrostatic interaction for most bacteria in suspension 
(such as saliva) consists of a secondary minimum at a greater separation distance 
from the surface (5-20nm), a positive maximum which is an energy barrier for 
adhesion, and a primary minimum close to the surface (van Loosdrecht and 
Zehnder, 1990, Gottenbos et al., 2002) (Figure 2.4). The secondary minimum does 
not usually reach high negative values (thus no strong attraction), bacterium or 
particle captured in this minimum generally demonstrate a “weak” reversible 
adhesion (van Loosdrecht and Zehnder, 1990, Gottenbos et al., 2002). The 
bacterium can be removed from the surface by mild shear force or the bacterium’s 
own mobility. If a bacterium reaches the primary minimum, short-range 





















Figure 2.4  Diagram showing that the total potential energy of interaction is the sum of the 
van der Waals force (VA) and electrostatic interaction (VR) as a function of distance between 
two surfaces. Adapted and modified from Quirynen et al. (2000) with permission. 
 
2.1.4.2 Irreversible adhesion (phase 2) 
In this second phase of adhesion, molecularly mediated interactions between 
bacterial surfaces and substratum surfaces become predominant. At this point, 
loosely bound microorganisms consolidate bacterial adhesion process by specific 
adhesins located on fimbriae and pili and/or production of exopolysaccharides 
(Goulter et al., 2009). Bacterial adhesion has been described as an interplay 
between specific and nonspecific interaction forces (Busscher et al., 2008). The 
physicochemical properties of two surfaces (bacteria and substrata) mainly 
influence the nonspecific interaction forces when the bacterial cell surfaces have 
been considered as smooth, rigid, and chemically homogeneous. Although 
physicochemical approaches based on overall cell surface hydrophobicity and 
















species, generalization is still impossible (Liu et al., 2004; Sardin et al., 2004; Pan 
et al., 2006). Microorganisms consolidate bacterial adhesion process by specific 
adhesins located on fimbriae and pili and/or production of exopolysaccharides 
(Goulter et al., 2009). Adhesion become irreversible and the bacteria are firmly 
attached to the surface. Different adhesins may attach to the surface for certain 
microorganisms, which may depend on the environment. In addition, the presence 
of another bacterial cell in the vicinity brings about the presence of lateral 
adhesion forces. This will affect the overall outcome of bacteria adhesion studies. 
In vivo, this is further complicated by the presence of many other species of the 
oral taxa, bearing different surface structures and charges  
There are various adhesins on the surfaces of oral streptococci. The proteins 
of the antigen I/II family are the best characterized adhesins of oral streptococci 
(Rosan and Lamont, 2000). These molecules are all of similar sizes (1500-1566 
amino acid residues) and are composed of discrete domains. The N-terminal signal 
sequence is followed by an alanine-rich repeat region, a region with a series of 
proline-rich repeats (P-region), a conserved C-terminal region and a second 
proline-rich domain. S. mutans antigen I/II polypeptide specifically binds salivary 
agglutinin glycoprotein (Rosan and Lamont, 2000). S. gordonii Ssp polypeptide, 
which exhibits 82% identity and is functionally related to antigen I/II family, 
specifically binds to a mucin-like salivary agglutinin glycoprotein (Rosan and 
Lamont, 2000). Cells of S. sanguis 12 produced protein SsaB (Streptococcus 
sanguis adhesin B), which belongs to the Lral family and binds to unknown 
receptors in saliva (Jenkinson, 1994). Surface lectins are primarily found to be the 
adhesins on the surface of the Mitis streptococci, which bind to salivary 
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glycoproteins. A 20.5 KDa wall-anchored protein, one of amylase-binding 
adhesins, almost exclusively exists in S. gordonii. The α-amylase binding activity 
of S. gordonii offers further insight into the multiple adhesin activity (Rosan and 
Lamont, 2000). Csh-like protein produced by S. oralis ATCC 35037 can bind to 
fibronectin (Elliott et al., 2003). Lectin and Ssp B-like adhesin expressed by S. 
sanguis ATCC 10556 can bind to salivary components (Ruhl et al., 2004; 
Hamadaet al., 2004). Lectins possessed by a range of species including S. sanguis 
G9B, S. oralis ATCC 10557, S. mitis KS32AR and S. gordonii M5 can specifically 
interact with the salivary components (Murry et al., 1982; Murray et al., 1986; 
Demuth et al., 1990).  
Oral streptococcal adhesion to the tooth surface has been widely studied in 
attempts to describe the forces and specificities governing oral bacterial 
attachment. There have been extensive data describing an anomalous pattern of 
binding for Streptococci that cannot be described by ideal adhesion parameters 
(Nesbitt et al., 1982a, b). In addition, several mechanisms of adhesion have been 
proposed and supported. Evidences have also shown that van der Waals, 
electrostatic, as well as for lectin-like interactions (Doyle et al., 1982; Murray et 
al., 1982) have a role in the adhesion process. These mechanisms are not mutually 
exclusive, and Streptococci may rely on multiple forces for its capacity to 
overcome repulsion in order to become firmly bound to the pellicle-coated tooth 
surface (Doyle et al., 1982).      
Attempts to isolate a specific adhesin that can be used as a target for 
inhibiting specific streptococcal adhesion to dental pellicle have been mainly 
unsuccessful. This difficulty could possibly be ascribed to the presence of multiple 
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adhesins, none of which mediates a large majority of the binding. A better strategy 
to reduce bacterial adhesion might be the modulation of the conditions governing 
the initial low-specificity interaction, especially if the binding reaction exhibits a 
time-dependent change from a low-affinity to high affinity interaction (Cowan et 
al., 1986).  
 
2.1.5 Summary 
    The oral cavity is home to a large and diverse population of microbes 
comprising over 500 bacterial taxa. Biofilm growth is governed by a variety of 
chemical, physical and biological processes. Classic studies outline two stages in 
microbial adhesion: an initial reversible physical phase (phase one) followed by an 
irreversible molecular and cellular phase (phase two). After tooth cleaning, the 
acquired pellicle covers the tooth surface quickly. The early colonizers including 
Streptococcus mitis, S. oralis and S. sanguis recognize and bind to the components 
of the acquired pellicle. Some secondary colonizers can recognize and 
coaggregate with certain early colonizers. However, many late colonizers could 
not regularly interact with each other and coaggregate with early colonizers. 
Fusobacterium nucleatum serves as important bridges between these early 
colonizers and the late colonizers.   
 
2.2 THERMAL TREATMENT ON THE ENAMEL 
2.2.1 Prevention of enamel caries using laser 
    Studies of the laser-induced prevention of caries have been carried out as 
early as the 1960s. Laser treatments are promising methods of caries prevention 
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by reduction of demineralization (Nammour et al., 1992). Many types of lasers 
such as ruby lasers, Nd: YAG lasers, Er: YAG lasers, CO2 lasers and argon lasers 
have been used in these studies. Several factors, including wavelength, power, 
duration and pulse width, determine the types and extent of laser-tissue 
interactions on the target tissue. The light can interact with tissue in key four ways: 
reflection, absorption, transmission and scattering when the laser beam is applied 
to the target tissue. Reflection refers to the repelling of the light off the tissue 
surface without an entry into the tissue. Transmission refers to light passing 
through a tissue without any effect on the tissue. Generally, reflection and 
transmission have no effect on the target tissue. Scattering occurs when the 
targeted tissue comprises of heterogeneous structures with different particle size 
and index of refraction. Scattering spreads out the light in the tissue, leading to 
thermal damage beyond the targeted spot and radiation of an area larger than 
anticipated (Carroll and Humphreys, 2006). Laser absorption by the specific tissue 
target is the basic goal of clinic use. Laser can produce the effect on the tissue 
unless it has been adsorbed.  
 
2.2.2 Four basic types of laser-tissue interactions  
The absorption of photons of the laser determines the laser effect on the 
tissue. The components of tissues that absorb the photons primarily depend on the 
wavelength of laser. The amount of energy absorbed depends on the composition 
and type of tissue, the laser modes of emission and delivery. After absorption of 
laser light, four basic types of effects may take place in tissues, including 
photochemical, photomechanical, photoelectrical and photothermal interactions 
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(Miserendino et al., 1995; Carroll and Humphreys, 2006). The photochemical 
interactions can induce chemical effects and reactions within macromolecules or 
tissues. The photomechanical effect is caused by the laser-induced stress in tissues. 
The photodissociation or photodisruption may happen when there is breaking 
apart of tissue structure by laser light. The photoelectrical effect refers to a 
phenomenon in which electrons are emitted from tissues as a result from their 
absorption of energy. Depending on the duration of laser exposure and the 
temperature to which the tissue is raised to, different photothermal effects like 
coagulation, vaporization, carbonization and melting may happen.  
 
2.2.3 Surface structures in heated enamel  
Laser also induces photothermal effects on the hard tissue, such as enamel. 
The basic crystallographic formula of the hydroxyapatite crystal is 
Ca10(PO4)6(OH)2. Dental enamel is principally composed of inorganic materials in 
crystal form (96 wt %), some amount of water (3 wt %) and organic content (less 
than 1 wt %).  
The laser-induced temperature gradient range from 100-1600 ºC can be 
subdivided as follows: I, 100-650 ºC; II, 650-1100 ºC; and III, >1100 ºC. In range 
III, two of the products, α-Ca3(PO4)2 and Ca4(PO4)2O, which are formed and 
identified in the fused-melted material from laser-irradiated tooth enamel, 
markedly increase solubility in those regions that contain considerable amounts of 
these compounds. In range II, separate phase of α- and/or β-Ca3(PO4)2 and a 
modified phase of apatite may increase or decrease the solubility depending on the 
Ca/P ratio (Fowler and Kuroda, 1986). In range I, modifications decrease the 
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solubility of enamel. The formation of pyrophosphate in this range may have a 
substantial effect on reducing the solubility rate. It shows that laser-irradiant 
conditions that produce a localized temperature above 650 ºC may have a 
deleterious effect on enamel solubility (Fowler and Kuroda, 1986). On the other 
hand, whereas the high energy laser-induced melting and fusion of enamel 
hydroxyapatite (HA) crystals may be effective in inhibition of enamel 
demineralization; however, the high temperature resulting from high-energy laser 
irradiation may cause a temperature rise potentially harmful to the underlying 
dentin and/or pulp. A recent study has shown that low energy laser is effective in 
inhibition of enamel demineralization, where the temperature induced by laser was 
estimated to be lower than 400 °C (Hsu et al., 2000). After heating, the weight loss 
of enamel between 0 and 200 °C can be assigned to the removal of adsorbed or 
‘loosely bound’ water (Ying et al., 2004). In the temperature range of 200–600 °C, 
the weight loss is mainly due to the decomposition of organic matter, crystalline 
water, and part of carbonate compounds (Ying et al., 2004). The protein in enamel 
was found to decompose at about 350°C (Fowler and Kuroda, 1986). After 
low-energy laser treatment, the normal enamel showed a decrease in both the 
surface area and the pore volume (Ying et al., 2004). This may be due to fusion 
and sealing of the enamel micropores as a result of laser-induced blocking of the 
organic matrix (Ying et al., 2004). When the temperature rise was less than 200 °C, 
the reduction of enamel diffusion was thought to be largely related to the 
laser–induced denaturation of the organic matrix (Maung et al., 2007). 
 The compositional and structural changes of enamel after heating to 100 and 
200 ºC have been investigated by XRD (X-ray diffraction) (Oho and Morioka, 
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1990), TGA (Thermogravimetry analysis) (Oho and Morioka, 1990), DTA 
(Differential thermal analysis) (Oho and Morioka, 1990) and IR (Infrared 
spectroscopy) (Holcomb and Young, 1980). Enamel heated to 100 and 200 ºC 
differed from the original enamel mainly in that it contained less water and CO32-, 
but more structural OH- (Holcomb and Young, 1980; Fowler and Kuroda, 1986). 
Enamel did not show an obvious phase change in the XRD pattern within this 
temperature range (Fowler and Kuroda, 1986). The TGA curve of the enamel 
showed the first weight loss from 50 to 140 ºC (Oho and Morioka, 1990). In the 
DTA curve, an endothermic reaction was seen at about 100 ºC, which represented 
water evaporation (Oho and Morioka, 1990). The weight loss (%) was 0.75% and 
1.05% when heated to 100 and 200 ºC respectively (Ying, 2001). The water 
content (%) of enamel decreased about 12% and 27% when heated to 100 and 200 
ºC respectively (Holcomb and Young, 1980). Heating reduced the carbonate 
content of enamel by 13% and 23% when heated to 100 and 200 ºC respectively 
(Ying, 2001). When enamel was heated from room temperature to 200 ºC, there 
was a considerable increase of OH- ions (Holcomb and Young, 1980). The OH- 
content (%) of enamel increased about 10% and 30% when heated to 100 and 200 
ºC respectively (Holcomb and Young, 1980). The CO32- broke down by reaction 
with H2O, which was probably the source of part of these "'new" OH- ions by 
CO32- + H20→ CO2 + 2(OH)- (Holcomb and Young, 1980). Transformation of 
acid phosphate (HPO42-) to pyrophosphate (P2O74-) takes place above 500 ºC 
(Holcomb and Young, 1980). 
Based on the above studies, enamel irradiated by the low-energy laser 
treatments (lower than 400 ºC) differs from the original enamel mainly in that it 
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contains less water and CO32-, but more structural OH-. Heat effects of low energy 
lasers may also denature or decompose the organic matrix, decrease both the 
surface area and the pore volume, reduce enamel diffusion and hence inhibit 
enamel demineralization. The high energy laser-induced melting and fusion of 
enamel hydroxyapatite (HA) crystals may be effective in inhibition of enamel 
demineralization (Meurman et al., 1997)); however, the high temperature resulting 
from high-energy laser irradiation may cause a temperature rise potentially 
harmful to the underlying dentin and/or pulp.  
Currently, although a large number of studies have focused on the 
laser/heat-induced compositional and structural changes, there are very few 
studies that have linked these changes to the surface physicochemical properties, 
such as hydrophobicity and zeta potential of the enamel surface, which may be 
related to oral bacterial adhesion. Er: YAG laser treatment (200 mJ and 4Hz) 
resulted in the increase of surface roughness and SFE of enamel whereas Nd: YAP 
laser (310mJ and 10Hz) did not change the surface roughness and SFE (Armengol 
et al., 2003). This may be due to the different photothermal effects. Another report 
showed that the heat-treated calcium phosphate (CaP) coating on titanium disk 
was more hydrophobic than those without thermal treatment (Yang et al., 2003).  
 
2.2.4 Rationale for thermal treatment 
Lasers can produce heterogeneous heating on enamel, depending on laser 
parameters, such as energy, wavelength, duration, and pulse width. Therefore, our 
study focused on the heat-induced homogenous thermal effects on the oral 
bacterial adhesion to provide the fundamental knowledge for further studies on 
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laser effects. 
The compositional, structural and phase changes of tooth enamel apatite 
caused by conventional furnace in atmosphere of air at the normal pressure may 
parallel those caused by laser-irradiation heating (Fowler and Kuroda, 1986).  
Currently, there are some mathematical models developed to correlate the 
heating temperature with laser parameters (Zuerlein et al., 1999; Ana et al., 2008). 
In a hypothetical model, the temperature rise of the heated volume is expressed as 
ρcAz
E=ΔT  (Zuerlein et al., 1999). Hence, although it is inappropriate to heat the 
tooth enamel in vivo, the laser parameter can be modified to help achieve the 
target temperature in clinic. According to the hypothetical case,when using a CO2 
laser to heat the surface of the same enamel block to 100 ºC and 200 ºC, we may 
supply laser energy to raise the temperature 76 ºC and 176 ºC above room 
temperature of 24 ºC respectively. Based on this equation, the CO2 laser light with 
the wavelength of 10.6 μm may heat the enamel surface to 100 and 200 ºC when 
the very low energies of 0.17 J and 0.38 J are used respectively. Another report 
showed that CO2 laser with a lower energy density (0.3 J/cm2) may heat enamel to 
a temperature lower than 400 ºC (Hsu et al., 2000; Rodrigues et al., 2004). In 
practice, we would be able to correlate the heating temperatures with laser 
parameters and select the best laser treatments to achieve the optimal surface 
properties of heated enamel. However, heat transfer from the point of focus of the 
laser light to adjacent areas is a complex matter. It is beyond the scope of this 





Laser treatments are potential methods for caries prevention and reduction 
of demineralization. After absorption of radiant energy, four basic types of effects 
can occur in the tissues including photochemical, photomechanical, 
photoelectrical, and photothermal interaction. The laser/thermal treatment can 
induce a series of compositional and structural changes. However, few studies 
have analyzed the changes of surface physicochemical properties, such as 
hydrophobicity and zeta potential of the enamel surface modified by heat.  
 
2.3 SALIVA COATING ON THE ENAMEL SURFACES 
2.3.1 Saliva components 
Saliva plays a significant role in dental plaque formation and metabolism. 
Salivary pellicles mediate many of the interactions that take place at the intraoral 
surfaces. The acquired enamel pellicle is a thin protein film that forms 
spontaneously on enamel surfaces and plays a primary role in mineral solute 
exchange mechanisms and initial bacterial colonization of tooth surfaces (Lamkin 
et al., 2001). The tooth pellicle is of a salivary origin, whose amino acid 
composition could be the results of selective adsorption of salivary proteins.  
The tooth pellicle may affect development of dental caries in two possible 
routes. It may influence the initial bacterial attachment and subsequent 
incorporation of “late colonizer”. On the other hand, it may affect the transport of 
acids produced by oral bacteria to tooth surface. It also influences the transport of 
ions dissolved from the tooth surface to saliva. Diffusion fluxes are decreased in 
the presence of pellicle, which reduced demineralization of enamel 
  37
(Lenander-Lumikari and Loimaranta, 2000).  
Human saliva is normally composed of electrolytes (calcium, chloride, 
inorganic phosphate, thiocyanate, bicarbonate, sodium, potassium and magnesium 
etc), lipids, carbohydrates, glycoproteins, secretory IgA, non-immune agglutinins, 
lactoperoxidase, lysozyme, lactoferrin, and other organic compounds (Dodds et al., 
2005). There is much variation among the subjects with regard to the components 
in saliva. Saliva serves as an environment as well as a culture medium for oral 
microorganisms, and as a result, it regulates the oral microbiota. 
 
2.3.2 Enamel pellicle formation and mediating factors 
Enamel pellicle formation is driven by a combination of physical forces 
(ionic, hydrophobic, hydrogen bonding, and van der Waals) between molecules in 
saliva and the tooth surface. Charged groups of salivary components may interact 
directly with groups of oppositely charged groups on the enamel surface 
(Johnsson et al., 1993). Calcium ions are the bridge for the phosphate groups on 
the tooth with negatively charged groups (carboxyl, phosphate, sulphate, and sialic 
acid) on salivary and crevicular fluid components. The adsorption of salivary 
components onto enamel surfaces is selective, because not all components in 
saliva bind to apatite surface. Furthermore, different salivary components show 
different affinities for hydroxyapatite.  
Small differences in the chemical composition of the enamel surfaces may 
influence the composition of amino acids in the acquired pellicle (Sonju and 
Glantz, 1975; Oste et al., 1981; Perdok et al., 1989; Svendsen and Lindh, 2009). 
Modification of the tooth surface may affect the composition of the salivary 
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pellicle. Amino acid profiles of pellicles formed on fluoride-treated teeth 
contained higher amounts of neutral and acidic amino acids than untreated enamel, 
which suggested that fluoridated enamel changed the adsorption of components 
from saliva (Rykke et al., 1991). It may be caused by the fluoride ions deposited 
on the surfaces as a calcium fluoride like material (Rykke et al., 1991). Salivary 
proteins adsorbed on three different biomaterials including human enamel, 
titanium and poly (methyl methacrylate) (PMMA) were analyzed by 
two-dimensional gel electrophoresis (2DE). Titanium was slightly negatively 
charged in neutral pH and hydrophilic. PMMA was hydrophobic with a very low 
surface charge. The hydrophobicity of enamel was lower than PMMA, but higher 
than titanium, which was always negatively charged. The results showed that the 
different proteins adsorbed in different amounts to these three surfaces, partially 
due to the different physicochemical properties of these biomaterials (Svendsen 
and Lindh, 2009). Glass ionomer, a dental restorative material, showed higher 
surface roughness and contained more inorganic and positively charged 
components compared to composite resins. Glass ionomers collected more 
salivary proteins and promoted better bacterial adherence than composite resins. 
Higher adhesion of proteins and bacteria on glass ionomers could be attributed to 
either of these surface properties or a combination of all (Carlen et al., 2001). 
 
2.3.3 Salivary proteins that promote bacterial adhesion 
Oral bacteria recognize different receptors in the salivary pellicle. The 
pellicle is also a foundation that the bacteria can adhere to. Although non-specific 
interactions including van der Waals forces and electrostatic forces mainly 
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mediate bacterial adhesion to teeth surface, specific interaction between bacteria 
and the salivary proteins also influence bacterial adhesion (Humphrey et al., 
2001).  
Several salivary proteins, such as α-amylase, agglutinins, a 
low-molecular-weight mucin, and proline-rich proteins, statherins and 
glycoproteins were reported to bind with oral streptococci (Scannapieco, 1994; 
Lenander-Lumikari and Loimaranta, 2000). They can promote the specific 
adhesion of bacteria to tooth surfaces if these proteins exist in the dental pellicle. 
Amylase binding appears selective for some strains of the Mitis streptococci, 
suggesting the presence of unique surface components on these bacteria (McNab 
et al., 2002). The high-molecular-weight agglutinins in parotid saliva and similar 
proteins in submandibular-sublingual saliva are the main salivary proteins, which 
can promote the adhesion of Streptococcus mutans (Lenander-Lumikari and 
Loimaranta, 2000). Mucins (MG 1 and MG 2) can perform different functions by 
protecting the tooth from acid penetration and selectively modulating the 
microbial adhesion to tooth surfaces. Mucins help bacterial adhesion and promote 
the growth of beneficial oral bacteria, as they are the components of dental pellicle. 
On the other hand, MG 2 promotes the aggregation and clearance of oral bacteria 
when it exists in the liquid phase (Humphrey et al., 2001). The presence of a lectin 
on the surface of the Mitis streptococci was found to bind to sialic acid-containing 
oligosaccharides (McNab et al., 2002). Proline-rich proteins (PRPs) are comprised 
of acidic and basic phosphoproteins and basic glycoproteins that are characterized 
by an amino acid consisting of 75 to 80% proline, glutamine, and glycine. Several 
reports suggested a role for PRPs in the adhesion of bacteria such as A. viscosus, S. 
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mutans, and S. gordonii. PRPs did not bind to these bacteria in the solution phase.  
Salivary molecules bound to a host surface underwent a conformational 
change to expose inaccessible domain that can serve as adhesion receptors 
(Gibbons, 1989). A. viscosus type 1 fimbriae appeared to bind to PRPs in the 
enamel pellicle (Gibbons et al., 1988), while the streptococcal adhesins that bound 
PRPs may be related to the surface antigen I/II of S. mutans (McNab et al., 2002). 
Statherin may also serve as a pellicle receptor for A. viscosus. 
 
2.3.4 Salivary proteins that inhibit bacterial adhesion 
There are antimicrobial proteins in saliva. Salivary glands are exocrine gland. 
Thus, the secreted fluid contains immunologic and nonimmunologic components 
for the protection of teeth surfaces.  
The main nonimmunologic antibacterial components are the lactoferrins, 
lysozymes, peroxidase systems, and histatins (Lenander-Lumikari and Loimaranta, 
2000; Veerman et al., 2004). In vitro, these proteins are recognized to (1) interfere 
with bacterial glucose metabolism or uptake, (2) promote bacterial aggregation 
and hence, the reduction of adhesion, and (3) limit bacterial or fungal growth 
(Lenander-Lumikari and Loimaranta, 2000). Lysozyme, which is secreted from 
the basal cells of striated ducts in parotid glands, can destroy and inhibit bacterial 
growth by splitting bacterial cell walls. Lysozyme also can promote the bacterial 
clearance by aggregation. Lactoferrins can bind to ferric ions in saliva. It can 
inhibit or eliminate the bacterial growth by starving oral bacteria that need iron to 
survive. Some certain strains in oral cavity are sensitive to lactoferrin. Salivary 
proteins, such as statherins, glycoproteins, agglutinins, proline-rich proteins and 
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histatins can aggregate the oral bacteria, promote the clearance of bacteria, and 
reduce their ability to attach to teeth surfaces if they exist in the liquid phase. In 
saliva, the enzyme peroxidase oxidizes thiocyanate to hypothiocyanate in the 
presence of H2O2. This inhibits bacterial growth by the oxidation of thiol groups 
leading to impaired ATPase and proton-pumping activities. The 
peroxidases-mediated oxidation products can inhibit the growth of many 
pathogens including Salmonella typhimurium, Legionella pneumophila, Listeria 
monocytogenes, Pseudomonas aeruginosa, Porphyromonas gingivalis, 
Staphylococcus aureus and Actinobacillus actinomycetemcomitans (Tenovuo, 
2002). The salivary peroxidases system cannot only be an active agent against 
microorganisms but also protect mammalian cells from the toxicity of oxygen 
compounds. In addition, the salivary peroxidase system can decrease the dental 
plaque acid production after sugar exposure (Tenovuo, 2002). It can also generate 
a small concentration of hydrogen peroxide into the oral cavity so that its 
effectiveness is improved (Tenovuo, 2002).  
Many of the antimicrobial defence systems in saliva can be commonly found 
in all exocrine secretions such as seminal, vaginal, tears and gastrointestinal fluids 
(Lenander-Lumikari and Loimaranta, 2000). In particular, lactoferrin, lysozyme, 
and peroxidases exist in assessable concentrations in all these secretions. These 
antimicrobial components are generally produced in the minor and major salivary 
glands. Non-immune antimicrobial salivary factors form a network of 
compensatory molecules and display various synergistic interactions (Tenovuo, 
2002).  
It has been found that the immune and non-immune systems can 
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synergistically interact with each other. The immunoglobulins including IgM, IgA, 
IgG, and secretory IgA (slgA), constitute the foundation of the specific salivary 
defence against oral microorganisms. Salivary immunoglobulins not only exist in 
dental plaque and but also bind to the salivary pellicle (Lenander-Lumikari and 
Loimaranta, 2000). In the oral cavity, immunoglobulins can limit microbial 
adherence, agglutinate the bacteria, neutralize various microbial virulent factors 
and prevent the penetration of foreign antigens into the mucosa. The largest 
immunologic component in saliva is dimeric secretory IgA (slgA), which is 
produced by plasma cells located in the salivary glands. SIgA serves as an 
antibody to bacterial antigen, neutralizes virus and aggregate the bacteria, and 
promotes bacteria clearance as they are active on mucosal surfaces. IgGs are able 
to opsonise bacteria for phagocytes, which are found to be active in dental plaque 
and saliva (Lenander-Lumikari and Loimaranta, 2000).  
 
2.3.5 Effects of saliva on physicochemical properties of enamel 
After incubation of enamel in whole saliva, enamel gave less negative zeta 
potentials than bare enamel (Young et al., 1997). Saliva coating decreased the 
hydrophobicity and increased the surface free energy (Weerkamp et al., 1988; 
Hahnel et al., 2008; 2009).  
 
2.3.6 Summary   
Saliva has a significant effect on the colonization of microorganisms on teeth. 
Salivary components may take part in this process through one of four 
mechanisms:  serving as receptors in dental pellicles for bacterial adhesion to 
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host surfaces, binding to microbial cells to help their clearance from the oral 
cavity, mediating microbial killing or inhibiting microbial growth, as well as 
serving as microbial nutritional resources. Adsorption of mucins, α-amylase, 
statherin, proline-rich proteins and glycoproteins may promote bacterial adhesion 
to surfaces, whereas adsorption of histatins, lysozyme and lactoferrin may 
eliminate bacteria or limit bacterial growth. Modifications of the tooth surface 
may influence the composition of salivary pellicle, which may alter bacterial 
adhesion. 
 
2.4 Physicochemical factors of microbial and biomaterial surfaces  
Adhesion of bacteria is determined by the environment and by the surface 
properties of the bacterium and substratum.  
 
2.4.1 Characteristics of material surfaces 
The factors which may influence the bacterial adherence to biomaterial 
surfaces include chemical composition of biomaterial (Katsikogianni and Missirlis, 
2004; Verne et al., 2009), hydrophobicity (Katsikogianni and Missirlis, 2004), 
surface charge (Katsikogianni and Missirlis, 2004) and roughness of surfaces 
(Katsikogianni and Missirlis, 2004). 
 
2.4.1.1 Material charge and zeta potential  
Various electrokinetic phenomena result from the fact that a surface carries 
an electric charge. In colloidal systems, zeta potential is an abbreviation for 
electrokinetic potential. It is regularly expressed using the Greek letter zeta as 
  44
ζ-potential in the colloidal chemistry research.  
Zeta potential is the electric potential of the interfacial double layer (DL) at 
the location of the slipping plane versus a point away from that interface in the 
bulk fluid. An electrical double layer is present around each particle.  The liquid 
layer surrounding the particle contains two parts. One is an inner region, the Stern 
layer, where the ions are firmly bound. The other is an outer (diffuse) region 
where ions are less strongly associated. There is an estimated boundary called the 
slipping plane between the two, within which the particle can act as a whole. The 
charge at this slipping plane is called the zeta potential (Lobaskin et al., 2004). 
Zeta potential is determined by the nature and number of ionogenic groups 
on the surface and depends on the pH and ionic strength of the suspending 
medium (van der Mei et al., 1988). The electrical properties can be evaluated by 
using electrophoretic mobility measurement. 
The zeta potential of organisms and substratum surfaces has been described 
as an important surface characteristic in adhesion (Katsikogianni and Missirlis, 
2004). Macroscopic surface characteristics relevant to microbial adhesion include 
zeta potential, hydrophobicity, and surface free energy, which are interrelated 
phenomena. Theoretically, if modifications of the surface properties of the tooth 
surface may possibly reduce bacterial adhesion, it would seem to be an attractive 
non-antimicrobial way of controlling plaque formation without the use of 
chemical antimicrobial agents.  
Since most organisms are negatively charged, a negatively charged 
substratum can exert a repulsive electrostatic force on organisms (Gottenbos et al., 
1999; Katsikogianni and Missirlis, 2004). Controlling substratum surface charges 
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and hydrophobic properties will likewise influence bacterial interaction with a 
substratum surface. It was found that the use of more negatively charged 
denture-base materials could prevent streptococcal adhesion and thus reduce the 
occurrence of denture-induced stomatitis (Uyen et al., 1989). Satou J et al. (1988) 
found that the adherent number of S. mutans cells showed a positive correlation 
with the zeta potential of the restorative material, which suggested oral 
streptococcal adhesion to restorative materials increased with decreasing 
electrostatic repulsion.  
  
2.4.1.2 Hydrophobicity and surface free energy 
The term “hydrophobicity” is literally “water aversion”. It has been used to 
explain the relative insolubility of nonpolar substances in water, the propensity of 
nonpolar substances to aggregate in water, the inability of some substances to be 
made wet by water, and the tendency of some substances to partition unequally 
between water and another phase or at an interface. 
Contact angle measurements can be employed to determine the 
hydrophobicity of the substratum surface. High contact angles indicate low 
surface free energy (SFE), whereas low contact angles suggest high SFE 
(Duncan-Hewitt, 1990; Sharma and Rao, 2002). Interfacial SFE has been 
presumed as a driving force for initial bacterial adhesion to solid surfaces 
(Busscher and Weerkamp, 1987; Katsikogianni and Missirlis, 2004). SFE 
determinations are based on contact angle measurements of the substratum and the 
microorganisms (Sharma and Rao, 2002). 
It has been known that surface hydrophobicity and SFE significantly 
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influence bacterial adhesion. However, there is no simple rule or correlation 
between the hydrophobicity of a material and the number of bacteria adherent to a 
surface (Buergers et al., 2009). 
Bacteria demonstrate different adhesion ability to materials with different 
hydrophobicity, depending on the hydrophobicity of bacterial and material 
surfaces (Goulter et al., 2009). Some groups found that hydrophilic materials were 
less appropriate for bacterial adhesion than hydrophobic materials (Goulter et al., 
2009). Some researchers found that hydrophobic surfaces such as rubber and 
plastics allowed greater attachment than hydrophilic surfaces such as stainless 
steel (Goulter et al., 2009). However, An et al. (1997) found that hydrophobic 
ultra-high-molecular-weight polyethylene (UHMWPE) discs attracted much less 
bacteria compared to the hydrophilic metal surfaces. Hydrophobic silorane-based 
composite showed a significantly decreased adhesion of streptococci than other 
less hydrophobic composites (Buergers et al., 2009).  
Treatment for a surface to lower its surface free energy has been generally 
found to be effective in decreasing bacterial adhesion (Hahnel et al., 2008; Goulter 
et al., 2009). Substrata with high SFE (ceramics and bovine enamel) harbored 
more streptococcal adhesion (Hahnel et al., 2008). Van Dijk et al. (1987) counted 
the number of adherent microorganisms on solid surfaces with different surface 
free energies (SFE) and found that low SFE surface (like Teflon and Parafilm) 
harboured fewer microorganisms than medium or high SFE surfaces (dentin, 
enamel, glass). The effect of substratum SFE on plaque maturation was evaluated 
by comparison of 3-month-old plaque on implant abutments with different SFE 
(titanium and teflon coating). A less “mature” plaque was found on low SFE 
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substratum surfaces both supra- and subgingivally, which is comprised of a higher 
fraction of cocci and a lower fraction of spirochetes and motile microorganisms 
(Quirynen et al., 1994). Increase in SFE facilitates biofilm formation on dental 
implants and abutment surfaces (Subramani et al., 2009). Hence, SFE not only 
affects initial number of bacteria adhering and consequently the subsequent quanta 
of bacteria, but it also can affect the maturation of the biofilm. 
 
2.4.2 Characteristics of bacterial surfaces 
    The nature of the bacterial species has an important impact on the adhesion to 
material surfaces. For a certain material surface, different bacterial species and 
strains adhere differently, which can be explained by the differences of 
physicochemical characteristics between species and strains. Currently, it is 
difficult to draw generalities and there needs to be attention to specificity (Liu et 
al., 2004; Sardin et al., 2004; Pan et al., 2006). Microbial cell surfaces are both 
structurally and chemically more heterogeneous and complex than most 
substratum surfaces which are non-biological in nature (Hulshoff Pol et al., 2004). 
This complicates the physicochemical approach of microbial adhesive interactions. 
Assessment of cell surface properties at molecular, microscopic, and macroscopic 
levels is complicated due to the complex and dynamic nature of the cell wall 
constituents. Firstly, it is possible that different functional groups on a given 
bacterial appendage may function in bacterial adhesion at different times (Fletcher, 
1996; Cheung et al., 2000), which may explain the different adhesion behaviours 
of the same bacterial strain under various experimental conditions and time. There 
was a report that bacteria can “sense” surfaces and that attachment may trigger 
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certain types of gene expression, such as flagella or polysaccharide synthesis 
(Cheung et al., 2000), which may influence the overall bacterial surface properties. 
Currently, a variety of macroscopic approaches has been developed for the 
purpose of quantifying the overall properties of microbial cell surfaces.  
 
2.4.2.1 Bacterial hydrophobicity 
 Bacterial hydrophobicity is much more complicated than that of solid 
surfaces. There is no universal definition of “bacterial hydrophobicity”. The 
distinction between the hydrophilic and hydrophobic bacteria is based on a series 
of hydrophobicity measurements.  
It has become increasingly clear that hydrophobicity is involved in many 
bacterial adhesion phenomena in recent years (Ofek and Doyle, 1994; Goulter et 
al., 2009). The hydrophobicity of bacteria varies between species and strains, and 
even within the same strain depending on the stage and mode of growth and the 
composition of the growth media (Das and Kapoor, 2004; Goulter et al., 2009). 
Surface hydrophobicity of bacteria is determined by bacterial surface 
components and appendages such as fimbriae and polypeptides. X-ray 
photoelectron spectroscopy (XPS) has been employed to measure the relative 
amounts of O, N, C, and P on bacterial surfaces (Rouxhet and Genet, 1991). The 
spectrum of the emitted electrons is characteristic of a particular element. The 
technique yields information on the relative amounts of teichoic acid (high P/N 
ratios), carbohydrate (high C/N ratios), and protein (high amounts of N compared 
to other elements). Cells with relatively high N/C ratios tend to be hydrophobic, 
which probably reflects the role of protein in bacterial hydrophobicity (Ofek and 
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Doyle, 1994). Proteins are the mostly likely candidates for making surfaces 
hydrophobic. A cell wall protein of S. sanguis ATCC 10556, Sortase A (Srt A), 
may affect the hydrophobicity of cell surface since a lack of the srt A gene resulted 
in a decrease in S. sanguis hydrophobicity (Yamaguchi et al., 2006). Cell-surface 
hydrophobicity of S. sanguis results from the amino acid repeat blocks of CshA 
polypeptides (McNab et al., 1995). S. oralis 35037 can express the Csh-like 
proteins on the surfaces, which can contribute to the bacterial surface 
hydrophobicity (Elliott et al., 2003; Black et al., 2004). The hydrophobicity of the 
surfaces of a wide range of staphylococci has been attributed to cell wall proteins 
(Hancock, 1991). The presence of cell wall proteins in Aeromonas salmonicida 
has been shown to confer hydrophobicity. 
In general, bacteria with hydrophobic characteristic generally prefer materials 
with hydrophobic characteristics (Vacheethasanee et al., 1998), and those with 
hydrophilic characteristics prefer hydrophilic surfaces (van Loosdrecht et al., 
1987). A hydrophobic strain of S. epidermidis showed significantly has higher 
adhesion ability to hydrophobic tetrafluorethylene-co-hexafluorpropylene (FEP) 
surface than S. saprophyticus (Hogt et al. 1983). On the contrary, the adhesion of S. 
epidermidis (hydrophobic) to the more hydrophilic cellulose acetate was low. 
Treatment of S. epidermidis with pepsin or extraction with aqueous phenol 
produced cells with a decreased hydrophobicity, which led to a reduced adhesion 
on to FEP. However, some researchers found that higher hydrophobicity of 
bacterial cells might facilitate bacterial adhesion to both hydrophobic and 
hydrophilic support surfaces (Liu et al., 2004; Sardin et al., 2004; Pan et al., 2006). 
Microorganisms with a decreased hydrophobicity displayed a lower rate of 
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reaggregation in suspension (Hogt et al., 1983). Repeated subculture decreased 
hydrophobicity of oral streptococci. Consequently, bacterial adhesion was 
decreased to hydroxyapatite surfaces (Westergren and Olsson, 1983). Satou N et al. 
(1988) found that hydrophobic S. sanguis strains adhered more to hydrophobic 
glass slides than to other hydrophilic surfaces. The adherent number of S. mitis 
ATCC 49456 with the hydrophilic character was lowest compared to other oral 
streptococci to the different substrata including alloys, titanium and enamel since 
it has lowest hydrophilicity (Sardin et al., 2004).  
 
2.4.2.1.1 Measurements of microbial cell surface hydrophobicity 
Currently, there are a diversity of techniques applied to evaluate the 
hydrophobicity of bacterial cell surfaces including contact angle measurement 
(CAM), microbial adhesion to hydrocarbons (MATH), hydrophobic interaction 
chromatography (HIC) and salt aggregation test (SAT). 
 
2.4.2.1.1.1 CAM 
In 1972, the use of CAM to study hydrophobic surface properties of 
microorganisms was introduced (van Oss and Gillman, 1972). CAM constitutes a 
classic method for measurement of surface free energies and the degree of 
wettability by the droplet on solid surfaces. Generally, CAM is used for 
measurement of homogenous, flat, smooth and dry surfaces. Several aspects of 
CAM to measure the bacterial hydrophobicity include (1) obtaining a layer of 
bacterial cells (as flat as possible), either by filtration of washed cells or as lawns 
on agar; (2) partial drying of the layer to remove “free” water; (3) meticulous 
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application of a standard droplet of liquid; and (4) measurement of the contact 
angle directly or derivation of the contact angle by determination of the shape of 
the droplet. Theoretically, CAM should give a definitive value of the overall 
hydrophobicity of the bacterial cell surfaces and allow the investigators to 
calculate surface free energy values and to predict adhesion.  
CAM has proven to be an important technique for measurement of cell 
surface hydrophobicity and may provide highly relevant data for its quantization 
(van der Mei et al., 1998b). Most bacterial surfaces are electron-donating, 
although some bacteria with electron-accepting cell surfaces exist. The 
discrepancies in acid-base character of the bacterial cell surfaces lead to the 
differences in cell surface hydrophobicity among species and strains, and these 
can only be determined by polar liquids in CAM. It was also thought that only 
contact angles could provide a real estimate of cell surface hydrophobicity (van 
der Mei et al., 1998b). 
 
2.4.2.1.1.2 MATH 
In 1980, Rosenberg found that various bacterial strains which were thought 
to possess hydrophobic surface characteristics could adhere to liquid hydrocarbons 
(Rosenberg et al., 1980), whereas nonhydrophobic strains did not. Microbial 
adhesion to hydrocarbons was proposed as a simple, general technique for 
studying cell surface hydrophobicity (Mozes et al., 1987). The experimental 
approach was based on mixing washed cell suspension with test hydrocarbons for 
a given time and measuring adhesion simply as the decrease in turbidity in the 
aqueous phase after separation of the phases. It has been found that MATH 
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measures the interplay of hydrophobicity and electrostatic interactions rather than 
hydrophobicity alone. The electrostatic interaction has been involved in the 
measurement procedure (Geertsema-Dornbusch et al., 1993). 
 
2.4.2.1.1.3 HIC and SAT 
HIC measures microbial adhesion to octyl- or phenyl- Sepharose beads. The 
technique was originally developed for protein separation and first used to test 
bacterial hydrophobicity by Smyth and co-workers (Smyth et al., 1978). HIC can 
be easily performed by packing Sepharose beads bearing covalently bound phenyl 
or octyl groups into small columns. The percentage of bound cells can be 
determined by the loss in turbidity in the eluate as compared with the initial level. 
The hydrophobicity based HIC measurements are easily influenced by the type 
and concentration of the salt, temperature, nature and density of hydrophobic 
ligand as well as pH of the eluent (van der Mei et al., 1991). HIC and MATH are 
completely adhesion based. The hydrophobicity results are determined by all 
factors involved in adhesion process, including hydrophobicity, the presence of 
surface appendages and localized groups. This is in contrast to contact angle 
measurement that aims to measure the overall hydrophobicity of bacterial cell 
surfaces (van der Mei et al., 1991). 
SAT is an extremely simple technique for studying the aggregative behaviour 
of cells in increasing concentrations of salting-out agents (primarily ammonium 
sulphate). The technique was introduced by Lindahl et al. (1981) and was based 
on the premise that bacteria with an increased hydrophobicity could aggregate at a 
correspondingly lower salt concentration. SAT technique has several limitations, 
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including (1) many hydrophobic bacteria will clump in the absence of any added 
ammonium sulphate; (2) the method provides only a qualitative estimate of 
relative rank of hydrophobicity; (3) electrostatic interactions may play a greater 
role in influencing the results of SAT as compared to other measurement 
techniques (Rosenberg and Doyle, 1990).  
 
2.4.2.1.1.4 Correlations among different evaluation methods  
Experimental studies of bacterial hydrophobicity have been influenced by 
irreproducible and conflicting data due to inconsistencies between different 
techniques for measurement of microbial hydrophobicity (Dillon et al., 1986; 
Goulter et al., 2009), although there is a sound theoretical background. These 
discrepancies are partly due to the ways in which the different techniques are 
affected by polar, particularly ionic groups present at or near the cell surface 
(Hancock, 1991). Bacteria cannot be expected to give the same results in different 
tests. Researchers found only weak correlations among the various techniques. A 
hydrophilic bacterium with hydrophobic tip may show hydrophobic character in 
MATH, SAT and HIC although it may have a low contact angle (hydrophilic) 
(Rosenberg, 2006). However, generally good correlations were found when 
related strains were studied with the same method (Goulter et al., 2009). 
In conclusion, since the contact angle method is thought to be the universal 
standard for microbial cell surface hydrophobicity and it can be used to evaluate 




2.4.2.2 Bacterial surface charge  
The surface charge of a bacterial cell is the overall net charge carried by the 
cell (Goulter et al., 2009). The surface charge of bacteria may be another key 
physical factor related to bacterial adhesion. Most bacterial cells carry surface 
electric charges in a suspension buffer owing to their surface groups, such as 
carboxyl and phosphate groups located on the cell walls of bacterial cells (Goulter 
et al., 2009). Bacteria are always negatively charged in suspension medium (Hogt 
et al., 1985; Goulter et al., 2009). The degree of the negative charge varies with 
species and strains (Ukuku and Fett, 2002; Rivas et al., 2005; Goulter et al., 2009). 
The surface charge is influenced by the pH, medium and the ionic strength of the 
suspending buffer, the bacterial surface structures, and bacterial age 
(Katsikogianni and Missirlis, 2004).  
Teichoic, lipoteichoic, teichuronic acids and peptidoglycan give rise to the 
negative charges of Gram-positive bacteria, whereas proteins, peptidoglycan, and 
lipopolysaccharide contribute to net negative surface charges in Gram-negative 
bacteria (Ofek and Doyle, 1994). The negative charges are provided by phosphate, 
carboxylate, sulphate groups in cell wall and capsular macromolecules. The net 
charge on the cell walls is a function of the amounts of positively and negatively 
charged groups in the range of wall components. The extent to which charged 
groups in the macromolecules of the cell wall interact with each other depends on 
their locations and packing densities. Interactions between opposite charge groups 
and repulsion between like-charged groups can exert an effect at two levels. 
Intramolecular charge repulsion is an important factor in determining the 
conformation of polyelectrolytes to maintain rod-shaped conformations for 
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capsular polysaccharides such as streptococcal hyaluronic acid and for teichoic 
acids. On the other hand, the positively charged amino groups of esterified alanine 
residues in the glycerol teichoic acids of the cell wall can neutralize adjacent 
negatively charged phosphodiester groups in the same molecule (Hancock, 1991).  
 Bacterial cells with more negative zeta potential lead to less adhesion since 
most substrata always carry negative surface charges in aqueous environment (Liu 
et al., 2004; Sheng et al., 2007).  
Bacteria with high surface charge always demonstrate hydrophilic property 
(Merritt and An, 2000). However, a hydrophobic bacterium may still carry a quite 
high surface charge (Hogt et al., 1985).  
 
2.4.3 Summary 
Bacterial adhesion is a complex process which is affected by many factors, 
including some characteristics of the bacteria, the physical and chemical nature of 
the target material surface, and the physical condition and chemistry of the 
medium. Although the application of physicochemical theory has helped to 
elucidate some observations, it cannot successfully explain all aspects of bacterial 
adhesion. 
Depending on the hydrophobicity of bacterial and material surfaces, 
bacteria adhere distinguishably to materials with different hydrophobicity. Most 
microorganisms are negatively charged and therefore a negatively charged 
substratum yields a repulsive electrostatic force on the microorganisms. Different 
methods, such as CAM, MATH, HIC and SAT, have been used to evaluate 
bacterial hydrophobicity, including. However, CAM has proven to be an important 
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technique for measurement of cell surface hydrophobicity and this method is 
adopted in our study.  
Treatment of a surface that leads to a lowering of SFE has been found 
effective in decreasing bacterial adhesion. It was found that the use of more 
negatively charged dental materials could lower streptococcal adhesion. The 
control of the charge and hydrophobic properties of substratum surfaces may be a 
path to manage oral bacterial interaction with a substratum surface, altering the 
extent of biofilm formation.  
 
2.5 CHARACTERIZATION OF BACTERIAL ADHESION TO SOLID 
SURFACES 
   A number of techniques have been employed to evaluate microbial adhesion. 
There are many experimental methods to evaluate microbial adhesion including 
direct and indirect observation methods, such as light microscopy, confocal laser 
scanning microscopy, transmission electron microscopy, scanning electron 
microscopy, plate counting the number of detached organisms, sonication, 
radiolabeling, ELISA and biologic assays (An and Friedman, 1997).  
   However, all the measurements in vitro may be misleading since the system in 
vivo is complex and dynamic. Several in vitro model systems have been used to 
mimic the oral environment to some degree. These models that have been 
developed differ in their complexity and utility, including various types of 
chemostat, the constant depth film fermenter, and ‘artificial mouth’ (Herles et al., 
1994; Kinniment et al., 1996; Tang et al., 2003). Further investigations are still 
required to truly understand bacterial adhesion mechanisms. 
  57
2.5.1 Microscopy evaluation of bacterial adhesion  
2.5.1.1 Light microscopy 
2.5.1.1.1 Principle of light microscopy 
 Light microscopes through the use of visible wavelengths of light are the 
simplest and consequently most commonly used microscope. Various techniques 
of light microscopy have been employed to observe bacterial adhesion and 
biofilms. The resolution of light microscopy is determined by the numerical 
aperture of its lens and by the wavelength of the light, which in the case of a 
conventional light source is of the order of about 0.2 µm. The most common types 
of light microscopes are the dark-field-, bright-field-, phase-contrast-, and 
fluorescence microscopes (Martin and An, 2000). Each exerts a distinguishing 
image and can be used to observe different aspects of microbial morphology.  
 
2.5.1.1.2 Evaluation of adhesion by light microscopy 
The obvious limitation of this technique is the requirement for optically 
clear, planar material for the substratum. The substratum surfaces need to be 
translucent to use light microscopy. For opaque surfaces, like enamel, plastics and 
ceramics, epifluorescent microscopy based on fluorescence stained techniques 
may produce more reliable data (Martin and An, 2000).  
Viable bacteria can be viewed readily at different time points during an 
experiment since the method does not require special staining and processing. A 
light microscope equipped with a CCD camera can produce computerized images 
allowing the observation of adhesion and colonization by bacteria at a solid-liquid 
interface in real time. For the purpose of quantification, adherent cells can be fixed 
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with a crosslinking agent, and several random fields of small areas selected for 
manual counting of adherent bacteria. It has been used to count Candida albicans 
on acrylic sheets (Mackenzie and Rivera-Calderon, 1985), E. coli on 
polymethacrylate film (Harkes et al., 1991), and S. epidemidis and E. coli on glass 
cover slips (Gilbert et al., 1991).  
 
2.5.1.1.3 Confocal laser scanning microscopy (CLSM) 
Confocal laser scanning microscopy (CLSM) is a technique for obtaining 
high-resolution optical images through “optical sectioning”. Images are obtained 
point-by-point and reconstructed with a computer which allows 3D reconstruction 
of complex objects. The method of confocal microscopy was initially patented by 
Marvin Minsky in 1957. With the development of lasers for CLSM, it took thirty 
years to become a standard technique toward the end of the 1980s (Mauko et al., 
2009). 
 
2.5.1.1.3.1 Principles of CLSM 
    In a confocal laser scanning microscope, a laser beam passes through a light 
source aperture and subsequently is focused on a small spot on a specimen. A 
mixture of emitted light from the sample and reflected laser light is then 
recollected. A dichroic beam splitter can separate the light mixture to allow only 
the laser light to pass through and to reflect fluorescent light into the detection 
apparatus. The fluorescent light is detected by a photodetection device, a 
photomultiplier tube (PMT) or avalanche photodiode, which can transform the 
light signal to an electrical signal recorded by a computer. The out-of-focus light is 
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suppressed since most of the returning light is obstructed by a pinhole, which 
results in sharper images than those from the conventional fluorescence 
microscopy, and allows one to acquire images of various z axis planes of the 
sample. The computer can reconstruct a three-dimensional picture of a specimen 
by assembling a stack of these two-dimensional images from successive focal 
planes. The intact, thick and living specimens with a minimum of sample 
preparation can be used for direct and non-invasive observation using confocal 
microscopy. Since CLSM usually depends on fluorescence, a biological sample 
needs to be applied with fluorescent dyes to make the specimen visible. However, 
the actual dyes concentration can be low to minimize the disturbance of biological 
systems and some instruments can track single fluorescent molecules (Wright et 
al., 1993; Martin and An, 2000). Although the adherent bacteria are commonly 
stained with fluorescent dye for study, the unstained individual bacteria on the 
surface could be also observed at higher magnification using the CLSM with 
reflectance mode (Pratten et al., 2000).  
 
2.5.1.1.3.2 Application of CLSM in microbiological research 
    It was the advent of faster scanning laser systems and increased 
computational capabilities that led to the recent rapid development of CLSM as a 
major tool in biological research, including being recognized as an important tool 
for obtaining high resolution images and 3D reconstructions of biofilm (Martin 
and An, 2000). 
 CLSM has wide applications for the investigation of hydrated biofilms 
(Hall-stoodley et al., 2004), the examination of the overall structure of unstained 
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oral biofilm (Pratten et al., 2000) and the extracellular matrix (Thurnheer et al., 
2003). Using CLSM, anaerobic incubation of biofilms was found to lead to 
significantly more biofilm extracellular polysaccharides (EPS) and carbohydrates 
than those produced under aerobic conditions. The presence of sucrose increased 
biofilm EPS in comparison to galactose, fructose, glucose, and lactose (Yang et al., 
2006). Different hygiene formulation, a mucolytic agent and antibiotics with 
different modes of action inhibited different biofilm components (Yang et al., 
2006). The microstructure of biofilms without sucrose supplementation was found 
to be complex and separated by clear channels. Sucrose-supplemented biofilms 
were revealed to colonize the substratum more rapidly (Pratten et al., 2000). 
Macromolecular mass transport phenomenon through an in vitro biofilm model of 
supragingival plaque has been investigated using CLSM. The mean square 
penetration depths for all test macromolecules with molecular weights ranging 
from 3,000 to 900, 000, except immunoglobulin M, increased linearly with the 
time. Diffusion coefficients were found to be linearly proportional to the cube 
roots of the molecular weights ranging from 10,000 to 240,000 (Thurnheer et al., 
2003).  
 
2.5.1.2 Electron microscopy 
2.5.1.2.1 Principles of electron microscopy 
Electron microscopes employ beams of electrons instead of light for 
production of micrographs of very high magnification. Electrons which can be 
accelerated at smaller wavelength than visible light can provide a much higher 
resolution. The main limitation of the electron beam is that it must pass through a 
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vacuum since air molecules otherwise will scatter the beam. Lenses for electron 
microscopes are specially designed electromagnets that exert magnetic fields that 
are approximately parallel the direction which electrons travel. The electrons can 
be typically detected by a photographic film, phosphor screen or a charge-coupled 
device (CCD) (Martin and An, 2000). 
There are two major kinds of electron microscopes: (1) Transmission 
electron microscope (TEM), which passes electrons completely through the 
sample, analogous to basic optical microscopy; (2) Scanning electron microscope 
(SEM), which scans the surface of bulk objects with a fine electron beam and 
measure reflection.  
 
2.5.1.2.2 Evaluation of adhesion by EM  
Scanning electron microscopy (SEM) makes it possible to observe the 
attachment of microorganisms to surfaces in fine details. Bacteria can be 
enumerated on both transparent and opaque surfaces with ease. These 
observations allow the investigators to not only find out where the bacteria 
preferentially attach to an object but also to find the nature of the attachment and 
three-dimensional appearance of biofilm. However, SEM also suffers from many 
similar limitations indicated for light microscopy. As with the light microscopy, 
the method can be converted from qualitative to quantitative observation by 
simple counting the number of organisms over a given surface area when bacteria 
are adherent as a monolayer. Bacteria embedded in the biofilm or adherent in 
multiple layers cannot be resolved. The small field of view precludes assessment 
of a large surface area (Martin and An, 2000). 
  62
Transmission electron microscopy (TEM) has been used for identification 
and characterization of internal and external microbial adhesion structures.  
 
2.5.1.2.3 Limitations and problems 
Different forms of electron microscopy (EM) have been used to visualize 
bacterial adhesion associated with both non-biological and biologic surfaces. 
Conventional scanning electron microscopy (SEM) requires fixation of samples in 
glutaraldehyde and /or osmium tetroxide, followed by dehydration using either 
critical point drying with liquid CO2 or an alcohol series, and coating (sputtering) 
of the specimen with conductive metallic material, usually gold and/or palladium, 
or carbon. Conventional transmission electron microscopy (TEM) also requires 
fixation and dehydration procedures, followed by infiltration and polymerization 
with epoxy resin. After ultrathin sectioning, embedded sections are stained with 
different electron opaque dye, e.g. uranyl acetate and lead citrate. Such general 
sample treatment can produce considerable distortion of the specimen. The 
dehydration step can produce a significant shrinking effect due to the destruction 
of the highly hydrated structure (Richards and Turner, 1984; Fisher et al., 1988).  
SEM and TEM can cause sample distortion and introduction of artefacts 
owing to the requirement for extensive specimen preparation prior to viewing. The 
loss of pure culture bacterial biofilm formed on glass beads as a result of sample 
preparation for SEM analysis was reported (Chang and Rittman, 1986). Great care 
should be taken when interpreting EM images if biofilm samples are to be 
prepared in the conventional manner, to avoid erroneous conclusions with regard 
to the abundance and type of biofilm developed on a given substratum. 
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2.5.1.3 Atomic force microscopy 
The atomic force microscope (AFM) is a scanning probe microscope 
invented by Binning, Quate, and Gerber in 1986 (Binning et al., 1986). At that 
time, scanning tunnelling microscopy (STM) developed by International Business 
Machines Company (IBM) was the main tool for achieving atomic resolution of a 
sample surface, but was limited to conductive material surfaces. The AFM was 
originally developed to overcome the limitations of the STM and immediately 
attracted the attention of biophysical scientists. Initially, the emphasis was mainly 
on the improved imaging resolution compared to that of optical microscopy. 
Shortly, it became obvious that AFM was much more than a high-resolution 
microscope.  
 
2.5.1.3.1 Basic principle of atomic force microscopy 
The AFM is a hybrid of IBM’s STM and a stylus profilometer. The AFM 
works by scanning with a very tiny tip mounted at the end of a flexible 
microcantilever in gentle touch with the sample in a raster fashion. The relative 
motion is controlled with sub-Angstrom accuracy by a piezoelectric actuator. The 
cantilever is typically made of silicon or silicon nitride with a tip radius of 
curvature of the order of nanometres. Forces between the tip and the sample lead 
to a deflection of the cantilever, according to Hooke's law, when the tip is brought 
into proximity of a sample surface. Typically, the deflection is measured through a 
laser spot reflected from the top of the cantilever into an array of photodiodes 
(Meyer and Amer, 1988; Dufrene, 2001). A feedback circuit is connected to the 
cantilever deflection sensor and controls the tip-sample distance in almost all 
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operating mode. Using an AFM, it is possible to image a surface at 0.1 nm 
resolution (1.0 × 10−10 m) and generate a 3D map of the sample surface. 
The AFM instrument contains a cantilever-mounted tip, a piezoelectric 
scanner, four position-sensitive photodiodes (photodetector), a laser diode and a 
feedback control. The laser beam passes through the scanner head, which is 
generated by a solid-state laser diode. The laser beam impinges on the back of the 
cantilever and reflects from the back of the cantilever, which tracks 
height/interaction force differences in the sample surface, causing the cantilever to 
deflect and changing the laser angle on the photodiode. Data recorded by the 
photodetector is then translated into deflection voltage and separation distance, 
allowing the computer software to maintain a feedback loop of either constant 
cantilever deflection/interaction force (constant mode) or constant cantilever 
oscillation amplitude (tapping mode) which leads to intermittent contact between 
the probe and the sample. 
 
2.5.1.3.2 Force measurements 
The interests of the biophysical scientists in the potential of the AFM do not 
arise only because of the imaging capability of this technique, but also because of 
the possibility of studying interaction forces. In earlier studies, bacterial adhesion 
was evaluated by enumerating the adherent cells. AFM has been used to 
investigate nanoscale interactions between colloidal particles and planar surfaces 
(Butt, 1991). It has now been realized that this new technology offers a solution to 
measure small range interactions between microbes and flat surfaces directly 
(Lower et al., 2001). A force-distance curve provides valuable information on the 
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interaction. 
  Different parts may be distinguished in a force curve (Figure 2.5) (Heinz 
and Hoh, 1999). Four regions exist in a typical force curve. (i) Initially, no 
interaction and no cantilever deflection (zero deflection line) are detected when 
the tip is far from the sample. (ii) When the stage moves and allows the sample to 
approach the tip, long- and short-range interactions between the tip and sample 
make the cantilever to deflect. A positive value of force indicates a repulsive 
interaction. (iii) When the tip contacts the surface, the piezo stage and the AFM tip 
move at the same velocity, which shows as a straight line in the curve, which is 
“the contact line”. (iv) After preset force threshold is reached, the stage stops 
moving forward and begins to retract. The initial part of retraction curve matches 
the approach curve. Then, the cantilever starts to deflect negatively due to the 
adhesion force between the tip and sample until the adhesion force is overcome by 
the cantilever restoring force and the contact breaks. The cantilever returns to zero 









Figure 2.5 Components of an uncorrected force curve with the different regions of the 























2.5.1.3.2.1 Bacterial immobilization techniques 
In order to measure the interaction force between bacteria and substrates, two 
methods have been explored: (1) bacteria were irreversibly immobilized onto a 
planar surface or membrane and probed by AFM cantilever (van Hoogmoed et al., 
2006), and (2) bacteria were irreversibly immobilized onto AFM cantilever tips 
and used to probe the planar substrates (Razatos et al., 1998b). Different 
approaches have been used for bacterial immobilization for AFM. For example, 
poly-L-lysine or polyethyleneimine (PEI) can be used to create positively charged 
surfaces, promoting adhesion of bacterial cells (Mei et al., 2009a). In 1998, 
Razatos et al. (1998a) developed a method for coating the silicon nitride AFM tip 
with a confluent layer of bacteria by placing glutaraldehyde-treated bacteria on a 
PEI-coated tip. Occasionally, organisms have been immobilized by mechanical 
trapping on membrane filters with a pore size which is slightly smaller than the 
dimensions of the bacterium (Dufrene, 2000; van der Mei et al., 2000; Boonaert et 
al., 2002).  
 
2.5.1.3.2.2 Interpretation of AFM force curve    
A complete force curve contains the force measured as the probe approaches 
the sample surface and is retracted to its starting position. Since the forces on the 
tip vary as it is moved towards or away from the sample, the force curve can be 
divided into approach and retraction portions and considered separately.  
 
2.5.1.3.2.2.1 Approach curve 
The smoothly and exponentially increasing repulsive force in the approach 
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curve can be produced by two different long-range forces, electrostatic and 
polymer-brush forces (Heinz and Hoh, 1999). Electrostatic forces are formed from 
overlapping electrical double layers when a charged probe is brought near a 
charged sample surface, which can be quantitatively measured with AFM. The 
electrostatic interaction described by Derjaguin, Landau, Verwey and Overbeek 
(DLVO) theory can be related to the AFM force measurements and to the surface 
charge or potential (Heinz and Hoh, 1999). The surface charge density and Debye 
length as a function of pH, electrolyte type and concentration determined by AFM 
agreed with the standard DLVO theory (Hillier et al., 1996; Raiteri et al., 1996; 
Larson et al., 1997). The steric interactions were found to be more appropriate 
than DLVO interaction in explaining bacterial adhesion (Rijnaarts et al., 1995, 
1999; Jucker et al., 1998). The nature of this repulsion upon the approach curve 
has been thought to be steric interaction since the range of the repulsion far 
exceeded that of the electrostatic forces from DLVO theory (Camesano and Logan, 
2000).  
 
2.5.1.3.2.2 Retraction curve 
The adhesion force (negative deflection) is displayed on the retraction curve 
when the polymer molecule is extended until it breaks from the tip or the substrate 
surface. When the functionalized tip and the surface are brought into contact, the 
molecular partners on both surfaces may interact. Upon retraction, the bonds 
formed will be disrupted and the typical rupture force can be measured. The 
charged amino acid residues on bacterial cell wall proteins can interact with 
biomaterial surfaces by hydrogen bonding or electrostatic forces (Sheng et al., 
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2007). The bacterial retraction curves always exhibit a strong adhesion force 
within the first few hundred nanometres, followed by a jagged plateau (Lower et 
al., 2001). The retraction curves display complex adhesion forces, such as specific 
intermolecular unbinding forces, intramolecular forces, single bond breakage, 
unfolding of bacterial cell wall surface structures (pili, fibril, flagella and fimbriae) 
that formed a bridge between the bacterium and the biomaterial surface (Lower et 
al., 2001). The large variation of adhesion forces were found in AFM 
measurement, which reflected both bacterial cell and substrate surface 
heterogeneity and bacterial differences (Bowen et al., 2002).  
 
2.5.1.3.3 Biological application 
The AFM has been applied to a number of widely diverse fields. Since it does 
not need a conductive surface, it is ideally suited for biological studies, such as the 
construction of three-dimensional images of biological surfaces at atomic 
resolution in physiological environments (Lesniewska et al., 1998), measurements 
of rupture-force of ligand-receptor systems (Alessandrini and Facci, 2005) and the 
recognition of single molecules at work and the study of their function and 
structure (Janovjak et al., 2006).  
AFM is able to operate in a variety of environments including the liquid 
media, which allows the experiment to be executed under physiological conditions. 
Several groups have undertaken projects examining various aspects of 
morphological and biological properties using the AFM in an effort to mimic the 
in vivo situation better (Camesano et al., 2000; Dufrene, 2001). Moreover, the 
AFM’s force mode can be used to determine nanoscale interaction forces in 
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biologic conditions. The AFM has been employed to quantitatively measure the 
force between the complementary DNA base pairs (Mazzola et al., 1999), 
biotin-avidin (Kaasgaard et al., 2002), and antibody-antigen pairs (Dammer et al., 
1996). Recently, the AFM has been adapted to microbial cell adhesion studies and 
used to probe the interaction between bacteria and biomaterial surface (Razatos et 
al., 1998a) and study initial events of bacterial adhesion (Razatos, 2001). 
 
2.5.1.3.4 AFM force curves in oral science 
 In oral science, S. mutans LT11 (parent strain) was found to experience less 
repulsion force when it approached a laminin film than the antigen I/II-deficient S. 
mutans isogenic mutant IB03987 experienced. Upon retraction, combined specific 
and nonspecific adhesion forces for the parent strain S. mutans LT11 were stronger 
than for the mutant strain IB03987, which was capable of interacting only through 
nonspecific interactions (Busscher et al., 2007; Xu et al., 2007). Upon retraction, 
the co-aggregating pair of A. naeslundii 147 and S. oralis J22 exhibited larger 
adhesion forces and energies than did the non-co-aggregating pair of A. naeslundii 
147 and S. sanguis PK1889 (Postollec et al., 2006). Influence of biosurfactant on 
interactive force between Mutans Streptococci and enamel was measured by AFM 
(van Hoogmoed et al., 2006). The adsorbed biosurfactant increased the range of 
the repulsive force upon approach of each strain towards bare and pellicle-coated 
enamel. Adhesion forces almost disappeared upon retraction from 
biosurfactant-coated enamel surfaces (van Hoogmoed et al., 2006). In the presence 
of saliva coating, a small percentage of the retraction curves of S. sobrinus 
demonstrated the adhesion, while no adhesion forces were found upon the 
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retraction for S. mutans, which meant that the saliva coating can decrease the 
adhesion forces of these two bacterial strains to enamel surfaces (van Hoogmoed 
et al., 2006). 
 
2.5.1.3.5 Limitations and problems 
    AFM force measurements have a significant impact on microbiology 
research by quantifying adhesion forces, increasing understanding of cell surface 
properties and elucidating structure-function relationships. However, there are 
some limitations that need attention. Firstly, AFM does not provide a direct 
measurement of the probe-sample separation distance. Defining the zero 
separation (the point of contact) may be difficult and arbitrary in the presence of 
repulsive forces and when no jump to contact is observed upon approach 
(Bolshakova et al., 2004). Secondly, differentiation of the relative contributions of 
repulsive surface forces and sample deformation is difficult for samples that are 
soft, such as bacteria. Thus, the interpretation of the force curves by the theoretical 
models is futile. Thirdly, the artefacts, including periodic oscillation in the 
noncontact part of the force curve and the offsets between the lines in the 
noncontact and contact parts should be considered (Dufrene, 2002). 
 
2.5.2 Summary 
The traditional method of evaluating the adhesive propensity of bacteria is to 
observe the microbial attachment and count the number of bacteria attached to the 
surface through microscopic image analyses. Light microscopy (including 
fluorescence microscopy and confocal laser scanning microscopy) and electron 
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microscopy have been used for the purpose. However, all of these methods are 
imprecise, indirect and time-consuming. Electron microscopy requires extensive 
specimen preparation in which dehydration and slicing may lead to disruptive 
shrinkage and artefacts. Electron microscopy has proved invaluable for examining 
the adhesion pattern of bacteria and the structure of biofilm but requires the 
extensive sample preparation. The development of fluorescence using various 
highly specific stains has contributed to fluorescence microscopy becoming one of 
the most widely used techniques in biological research. However, this method can 
produce fluorescence emissions throughout the entire depth of the specimen which 
cause out-of focus blurring. CLSM is a valuable tool in the research of biofilm 
formation on surfaces. Using CLSM, the structures of biofilms including the 
distribution of bacteria and the thickness of the biofilm can be examined because 
of its ability to scan below the biofilm surface, which enables a 3D image of the 
biofilm to be constructed. The development in atomic force microscopy offers a 
new approach to measure the interaction between the bacteria and biomaterial 
surface. A force-distance curve records interaction forces as the cell approaches 
the biomaterial surface, makes contact and then retracts from surface. A major 
advantage of the AFM is that it could simultaneously supply information of 







MATERIALS & METHODS 
CHAPTER III 
Several experiments involved in this study are listed below: 
(1) Investigations of the hydrophobicity and zeta potential of enamel surfaces 
with or without heat/saliva using contact angle and electrophoretic 
mobility measurements.  
(2) Characterization of the hydrophobicity and zeta potential of three oral 
pioneer bacterial strains using contact angle and electrophoretic mobility 
measurements. 
(3) Quantification of bacterial adhesion on enamel with or without heat/saliva 
by adhesion assay and confocal laser scanning microscopic (CLSM) 
evaluation. 
(4) Measurement of the nanoscale interaction forces between oral bacteria and 
enamel surfaces with or without heat/saliva using atomic force microscopy 
(AFM).  
 
3.1 BACTERIAL STRAINS AND GROWTH CONDITIONS 
Freeze-dried samples of S. mitis ATCC 49456, S. oralis ATCC 35037 and S. 
sanguis ATCC 10556 were obtained from American Type Culture Collection 
reference strains (Manassas, VA, USA). All strains were maintained on TSA agar 
with 5% defibrinated blood agar plates (BD media，MD，USA) and grown in 
Todd-Hewitt Broth (THB) (BD media, MD, USA) in a 5% CO2 incubator at 37 ºC 
(Binder, B. Braun, Melsungen, Germany). All plates were recultured every 7 days. 
Cells were grown until mid-exponential growth phase in THB medium. 
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  In order to compare the physicochemical properties of oral bacteria with and 
without glutaraldehyde treatment, bacterial cells were rinsed in a phosphate buffer 
solution (PBS, pH 7.2) and suspended in a 2.5% glutaraldehyde solution for 2 h at 
4 ºC (Freeman et al., 1996). The glutaraldehyde solution was prepared from a 25% 
v/v aqueous stock solution (Sigma, Aldrich Pte Ltd, USA) and diluted to 2.5% v/v 
in PBS buffer. After glutaraldehyde treatment, the bacterial cells were washed 
repeatedly and resuspended in PBS buffer. Cell suspensions were stored at 4 ºC. 
 
3.2 PREPARATION OF ENAMEL SAMPLES 
   One hundred and twenty sound human anterior teeth (NUS-IRB Reference 
Code: 07-275) stored in 0.1% thymol solution (Kanto Chemicals, Co., Inc, Tokyo, 
Japan) were selected, and checked under stereomicroscopy (Zoom 
stereomicroscope, SZ4045TR, Olympus, Japan) (Figure 3.1) for carious and other 
structural defects. Then they were gently brushed and washed under running 
water. 
   The buccal surfaces of the teeth were cut into 3×2×2 mm3 parallel enamel 
slabs by a Silverstone-Taylor hard-tissue microtome (series 1000 Deluxe, Sci Fab, 
Littleton, CO, USA) (Figure 3.2) with air and water spray, which were prepared 
for contact angle measurement, AFM operation and CLSM observation. 
Stereomicroscopy (Zoom stereomicroscope, SZ4045TR, Olympus, Japan) was 
used to ensure that dentin was not involved. Enamel slabs were slowly ground to 
particles (≤ 5 μm) by a mortar for electrophoretic mobility analysis (Weerkamp et 



















Figure 3.2 Microtome (series 1000 Deluxe, Sci Fab, Littleton, CO, USA) 
 
3.3 THERMAL TREATMENT  
Enamel slabs and enamel particles were heated to 100 ºC and 200 ºC at the 
rate of 2 ºC/ min by a heating stage (TP94, Linkam Scientific Instruments Ltd, 
Surrey, UK) (Figure 3.3), cooled down before immersion in saliva for 1 hour and 
washed twice by distilled water twice before the measurement of physicochemical 
properties and other experiments (Weerkamp et al., 1988). In this study, after the 
application of thermal treatment, the enamel samples were kept in a desiccator for 
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Figure 3.3 Heating Stage (TP94, Linkam Scientific Instruments Ltd, Surrey, UK) 
 
3.4 SALIVA PREPARATION 
NUS institutional review board (IRB) approval had been obtained before the 
collection of human saliva (NUS-IRB Reference Code: 07-275). Informed 
consents were obtained from all volunteers. Parafilm-stimulated human whole 
saliva from 10 healthy adult donors of both genders was collected into ice-chilled 
tubes in the morning. The saliva was clarified by centrifugation at 5000 g for 20 
min at 4 ºC, and filtered through a 0.22 µm cellulose nitrate membrane (Millipore 
Corp, Billerica, MA, USA) (Sardin et al., 2004). The solution was freeze-dried for 
storage. 
 
3.5 ZETA POTENTIAL MEASUREMENTS  
   The electrophoretic mobilities of 3 bacterial strains (S. mitis ATCC 49456, S. 
oralis ATCC 35037 and S. sanguis ATCC 10556) and enamel particles with or 
without saliva and/or heating were measured using a Zetasizer 2000 (Malvern 
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Instruments, Worcestershire, UK) (Figure 3.4) with the electric field set to 22.9 
V/cm. Mid-exponential growth-phase cultures were harvested by centrifugation at 
5000 g for 10 min and resuspended in 0.1 M 2-N-Morpholinoethanesulfonic acid 
(MES)-NaOH (25 ºC, pH 7.0) to bacterial concentration of 108 CFU/ml (OD=0.8). 
Five measurements were conducted and the data were averaged (Venegas et al., 
2006). 
   Zeta potentials were calculated according to the Smoluchowski equation (von 
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          Figure 3.4 Zetasizer 2000 (Malvern, Worcestershire, UK) 
 
3.6 CONTACT ANGLE MEASUREMENTS AND SURFACE FREE 
ENERGY CALCULATIONS 
Contact angle (θ) was measured by the sessile drop technique on enamel 
surfaces with and without a salivary pellicle using a VCA Optima Surface 
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Figure 3.5 VCA Optima Surface Analysis System (AST products Inc, Billerica, MA, USA) 
 
The polar liquids used were water ( LWγ =21.8, and +γ = −γ  =25.5 mJ m-2) 
and formamide ( LWγ =39.0, +γ = 2.28, and −γ =39.6 mJ m-2), while the nonpolar 
liquid used was diiodomethane ( LWγ =50.8, and +γ = −γ  =0 mJ m-2). For each 
probe liquid, θ was measured at two locations on 6 different enamel samples.  
Contact angles of bacteria were determined on bacterial lawns created by 
filtering cells onto 0.45 µm porous membrane (Millipore Corp, Billerica, MA, 
USA) under vacuum (van Oss et al., 1986). By applying vacuum, the bacterial 
cells were compacted into homogeneous lawns, reducing variation in contact 
angle measurements by the roughness of the sample, also preventing permeation 
of the lawns by the sessile drops of liquid. The samples were then left in ambient 
condition for 5-10 min to allow the residual fluid adhering to the bacterial lawns 
to evaporate. To prevent further desiccation, the membranes were placed in a 
petri-dish on the surface of a layer of 1% (wt/vol) agar in water containing 10% 
(vol/vol) glycerol until the measurement. 
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   The SFE can be derived from contact angle measurements. According to van 
Oss et al. (van Oss et al., 1986; van Oss, 1993),  
             ( ) ( )+−−+ ++=+ lslsLWlLWsl γγγγγγγθ 2cos1              (2)          
   In the equation, θ is the contact angle under liquid L, lγ the total free energy 
of the liquid, LWiγ the nonpolar component of the surface free energy, +iγ the 
electron-accepting component of the polar surface free energy and −iγ  the 
electron-donating component of the polar surface free energy, where S denotes the 
microbe or enamel and l the liquid.                        
    
In the equation, ΔG132 is the total interaction energy of 1 and 2 in 3, where 1 
and 2 denote solids and 3 liquid (Sharma and Rao, 2002). It is represented as 
ΔGsws if the liquid is water, which is used for measurement of hydrophobicity of 
the microbe or enamel (solids) (Ong et al., 1999). 
 
3.7 ADHESION ASSAY 
The enamel particles with or without saliva and/or heating were suspended in 
0.1M MES-NaOH buffer (pH=7.0). Equal volume of the enamel suspension 
(10mg mL-1) and bacterial culture (108 CFU mL-1) were mixed and left in contact 
for 2 hours at room temperature (Venegas et al., 2006). Sedimentation of the 
enamel particles with adhered bacteria was obtained by centrifugation at 20 g (500 




















enamel particles with the adherent bacteria were resuspended in 0.1 M 
MES-NaOH buffer and gently vortex-shaken. The bacterial cells of the 3 strains 
adsorbed to the enamel surfaces were enumerated on TSA plates. The percentages 
of bacterial adhesion to enamel particles with or without saliva and/or heating 
were calculated.  
 
3.8 CONFOCAL LASER SCANNING MICROSCOPY AND DATA 
ANALYSIS  
    Enamel slabs were prepared as aforementioned. Extracted human anterior 
teeth were used and the buccal surfaces of the teeth were cut into 3×2×2 mm3 by 
microtome to get flat and parallel enamel slabs without grinding the natural 
surfaces. The enamel slabs were heated to 100 and 200 ºC at the rate of 2 ºC/min 
by a heating stage (TP94, Linkam Scientific Instruments Ltd, Surrey, UK) and 
then immersed in saliva for 1 hour and further rinsed twice by distilled water.  
After immersion in bacterial suspension containing 108 cells ml-1 in 0.1 M 
MES-NaOH buffer at 37 ºC for 1 hour, the enamel slabs were rinsed by sterile 
deionized water and stained using a combination dye (LIVE/DEAD BacLight 
bacterial viability kit, Molecular Probes, L13152) for 15 min. LIVE/DEAD 
BacLight kit consists of Syto 9 and propidium iodide which stains viable bacteria 
green and those with damaged membranes red, respectively (Zaura-Arite et al., 
2001). Subsequently, the adherent bacteria on enamel slabs surfaces were 
observed under LSM 510 Meta (Carl Zeiss, Germany) (Figure 3.6) with the 
excitation wavelengths of 488 and 543 nm. A 545 nm beam splitter was used 
together with a BP 500-550 IR filter and a BP 565-615 IR filter, which allowed 
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green fluorescent and red fluorescent signals to pass to the detector. The objective 
used was a C-Apochromat lens (Carl Zeiss, Germany) with 63 × magnification 
and a numerical aperture of 1.2. The enamel slab was brought into focus and the 
micrometer gauge in both the X and Y directions were adjusted randomly to a 
field and then an image was captured. Randomization was done by dividing 
both the length and the width of each enamel slab to ten divisions, and numbers 
were assigned for each of these positions. Two random numbers generated by a 
free random number generator determined the coordinate of each random field on 
the enamel slab.  
   Image analysis was performed using ImageJ 1.37v [National institutes of 
Health (NIH), Bethesda, MD, USA; freeware from http://rsb.info.nih.gov/ij/] with 
accessory plugins (Figure 3.7). The minimal thresholds of intensity of red and 
green were put in for background subtraction. The software counted the number of 
pixels that were red or green in each image captured. Since the dimensions of each 
pixel in the field was known (by calculation from the area of the sensor), the area 
occupied by either red or green can be calculated. Then, the ratios of area 
occupied by microorganisms to the whole area of each visual field on the enamel 
surfaces were calculated. Three fields randomly selected on each of the three 


























Figure 3.7 Diagram showing how to calculate the areas covered by stained bacteria using software 
ImageJ. 
 
3.9 ATOMIC FORCE MICROSCOPY 
3.9.1 Cell immobilization 
     A silicon nitride tip (DNP-20, Veeco, Santa Barbara, CA) with a spring 
constant k=0.06 N/m was placed in a drop of 1% Polyethyleneimine (PEI; 
MW=1200) solution and allowed to adsorb for 2.5 h. Excess solution was 
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decanted. The cantilevers were subsequently rinsed in demineralized water and 
stored at 4 ºC (Razatos et al., 1998a). 
    The bacterial cells were harvested in the exponential phase (108 cells ml-1) by 
centrifugation at 5000 g for 10 min. Bacterial cells were washed in phosphate 
buffer solution (PBS, pH 7.2). The bacterial cells were then treated by a 2.5% 
glutaraldehyde solution for 2h at 4 ºC with a final concentration of 0.6-0.8 mg of 
dry cell weight (DCW) /ml. After cell fixation, the cells were washed copiously, 
resuspended in PBS, and incubated at 4 ºC overnight (Razatos et al., 1998a). 
   A pellet of cells was manually transferred onto PEI-coated tips using a 
custom-designed micromanipulator with extension arm (Newport M-460A series, 
Newport Corp, CA, USA) (Figure 3.8). The unit was capable of translating in 
three axes with 1-micron accuracy. A single silicon nitride chip, with two 
triangular cantilevers, was attached to the extension arm. The cantilever was 
oriented over a 15µl of bacterial cell culture droplet with a density of 1×1011 
cell/ml so that both the tips of the cantilever were in the droplet, as visible under a 
stereoscope (Zoom stereomicroscope, SZ 4045TR, Olympus, Japan). The 
micromanipulator was adjusted to ensure that the tip was submerged and left for 
10 minutes in the droplet to allow cell adhesion to the PEI-coated tip. The chip 
was carefully withdrawn from the droplet, dried for 5 minutes in a laminar flow 
hood, and viewed under stereomicroscope to verify attachment (Figure 3.9).  
   The cell-covered tip was further treated with an additional drop of 2.5% 
glutaraldehyde to strength the pellet onto the tip at 4 ºC. After incubation for 1-2 h, 











Figure 3.8 Micromanipulator (Newport M-460A series, Newport Corp, USA)) with extension 















Figure 3.9 Images of bare tip and representative cellular tip after immobilization. (A) Bare tip 
observed under optical microscopy with reflective light before bacterial immobilization, (B) 
bare tip and (C) Cellular tip observed after bacterial immobilization under stereomicroscope.  
A 
B C B C 
  84
3.9.2 AFM operation and data analysis 
A MultiMode Picoforce AFM (Vecco, Santa Barbara, CA) (Figure 3.10) was 
used to measure the interactive force between oral bacteria and enamel slab 
surface in 0.1 M MES-NaOH buffer. The cantilevers were functionalized by 
coating with bacteria as described above. New freshly functionalized cantilevers 
were employed for each experiment. Force measurements were performed in a 
contact mode at room temperature, at forward and reverse velocity 4.1 µm/s, ramp 
size 4 µm, trigger threshold 2 nN. The loading force was applied by setting the 
trigger mode relative. After contact with enamel surface, retraction of the AFM tip 
was delayed by 0.1 seconds to allow for a short duration of interaction. This was 
arbitrarily selected on the basis of the data of pilot studies. It was formed to give 
good force curves. For the force measurement, ten force measurements were 
collected at each position, five positions were randomly selected on each enamel 










Figure 3.10 MultiMode Atomic Force Microscope (Vecco, Santa Barbara, CA) 
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    Force curves which were recorded as the tip approached the enamel surface 
were analyzed to determine the initial interactions between enamel surfaces and 
bacteria. The slope of the retraction force curve in the region where probe and 
sample were in contact was the deflection sensitivity and was used to convert the 
voltage into a cantilever deflection. The spring constant of the cantilever coated by 
the bacterial cells was calibrated using thermal tune methods (Burnham et al., 
2003). The calibrated spring constant of the tip was used to convert the cantilever 
deflection data to force according to Hooke’s law: F = kspd, where ksp was the 
cantilever spring constant and d was the cantilever deflection (Ong et al., 1999). 
The force curves were analyzed by software V613rl. The retracting curves 
show local maxima in adhesion force. The largest adhesion force (Fadh) in the 










Figure 3.11 Illustration of deflection sensitivity and data collection of Fadh. (A) Represents the 
raw data generated by AFM. The slope of the retraction force curve in the region where probe 
and sample are in contact is the deflection sensitivity. (B) The maximum adhesion peak shown 
in retraction curve after correction is recorded as Fadh. 
 
3.9.3 Scanning electron microscopy 
At the end of AFM operation, the cantilever was imaged with a scanning 
Fadh 
B A 
Slope of this line represents 
the deflection sensitivity 
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electron microscope (SEM) (5660LV, JEOL Ltd, Japan) (Figure 3.12) to confirm 
the presence of a confluent bacterial lawn on the tip (Appendix B). After AFM 
operation, cantilever chip was placed in a desiccator to dehydrate the cells. It was 
then mounted on an SEM sample holder and placed in a Gold Sputtercoater (SCD 
005, Bal-Tec AG, Liechtenstein) for 30 seconds at 60mA.  
After coating, the samples were placed in the SEM chamber. The SEM was 
calibrated at an acceleration potential of 10 kV, and each intact cantilever was 
examined for the presence of bound cells. The morphological changes of bacterial 








Figure 3.12 Scanning electron microscope (SEM) (5660LV, JEOL Ltd, Japan). 
 
3.10 STATISTICAL ANALYSIS 
3.10.1 Evaluation of the enamel surface properties 
The dependent variables of this part of study included “hydrophobicity” and 
“zeta potential” with the independent variables “temperature” and “saliva”. The 
statistical significances of properties of enamel with or without saliva and/or 
heating were assessed using two-way ANOVA. If there was interaction between 
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the effect of “temperature” and “saliva”, the physicochemical properties of enamel 
and saliva-coated enamel were evaluated separately using one-way ANOVA with 
SPSS 16 software (SPSS Inc., Chicago, IL). 
 
3.10.2 Evaluation of the bacterial properties 
The dependent variables of this part of study included “hydrophobicity” and 
“zeta potential” with the independent variables “bacteria”. One-way ANOVA was 
used to evaluate the statistical significance of properties of different bacteria 
(without glutaraldehyde treatment), together with multiple post-hoc comparisons. 
In order to evaluate the glutaraldehyde effect on the physicochemical properties of 
bacteria, two-way ANOVA was used to evaluate the significance level of 
“glutaraldehyde treatment” effect on the dependent variables using SPSS 16 
software (SPSS Inc., Chicago, IL). 
 
3.10.3 Evaluation of bacterial adhesion by adhesion assay 
The dependent variables of this part of study included “bacterial adhesion (%) 
to the enamel” with the independent variables “temperature”, “saliva” and 
“bacteria”. Factorial ANOVA and multiple comparisons with Bonferroni 
corrections were performed to evaluate the significance level of main factors and 
potential interactions between factors.  
 
3.10.4 Evaluation of adhesion by CLSM 
The dependent variables of this part of study included “ratios of area 
occupied by bacteria” with the independent variables “temperature”, “saliva” and 
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“bacteria”. Factorial ANOVA and multiple comparisons with Bonferroni 
corrections were performed to evaluate the significance level of main factors and 
potential interactions between factors. 
 
3.10.5 Evaluation of adhesion force by AFM 
   The dependent variables of this part of study included “adhesion force” with 
the independent variables “temperature”, “saliva” and “bacteria”. Factorial 
ANOVA and multiple comparisons with Bonferroni corrections were performed to 

















RESULTS CHAPTER IV 
4.1 PHYSICOCHEMICAL PROPERTIES OF ENAMEL  
4.1.1 Zeta potentials analysis of enamel 
   Statistical analysis revealed that there was interaction between the effect of 
“temperature” and “saliva”. The effects of these two factors on the zeta potential 
were evaluated separately by one-way ANOVA and T-test, respectively. 
The zeta potential of all specimens of enamel measured in 0.1 M MES 
solution was negative (Table 4.1). The enamel exhibited an overall negative 
surface potential in the range of -24.34 to -38.68 mV. The zeta potential of enamel 
was more negative after thermal treatment, even after saliva coating (p<0.01) 
(Table 4.1).Incubation of enamel in whole saliva gave less negative potentials 
(p<0.01). 
Table 4.1   Zeta potential measurements for enamel (mean ± SD) 
Enamel samples N Electrophoretic mobility(10-8 m2V-1s-1) Zeta potential (mV) Rankinga
Enamel 5 -1.93±0.12 -24.34±1.49 I 
Enamel heated to 100 ºC 5 -3.06±0.09 -38.68±1.10 II 
Enamel heated to 200 ºC 5 -2.97±0.07 -37.42±0.92 II 
Saliva-coated enamel  5 -0.93±0.13 -11.68±1.70 I 
Saliva-coated enamel after 
heating to 100 ºC 
5 -1.66±0.08 -20.90±1.02 III 
Saliva-coated enamel after 
heating to 200 ºC 
5 -1.39±0.03 -17.58±0.37 II 
aThe ranking order is obtained from Post-hoc multiple comparisons tests of zeta potential. Groups with 












Figure 4.1 Zeta potential of bare enamel (■) and saliva-coated enamel (■). Differences of zeta 
potentials among subgroups with different thermal treatments are indicated with * and ** 
based on the statistical significance. Different asterisk denotes statistical significance.  
 
4.1.2 CAM of enamel 
     Contact angles of enamel were measured and ΔGsws value was computed for 
each surface as a measure of its hydrophobicity (Ong et al., 1999). Statistical 
analysis revealed that there was interaction between the effect of “temperature” 
and “saliva”. The effects of these two factors on the hydrophobicity of enamel 
were evaluated separately by one-way ANOVA and T-test, respectively. 
    Heating increased the hydrophobicity of enamel. Water contact angles of 
enamel increased from 54.9 (for the untreated control) to 69.0 (100 ºC) and 72.2 
degree (200 ºC) with ΔGsws becoming more negative from -18.7 to -40.2 and -45.9 
mJ·m-2, respectively (p<0.05). The heated and saliva-coated enamel was still more 
hydrophobic than the unheated saliva–coated enamel (p<0.05) (Table 4.2).  































was more hydrophilic than uncoated enamel (p<0.05). 
Table 4.2   Enamel contact angles, surface free energy components and hydrophobicity 
expressed as ΔGsws (mean±SD) 
Enamel samples N θw (о)a θ f (о)b θD (о)c 









Enamel 12 54.9±2.5 29.7±1.4 37.7±4.1 40.7±2.0 1.7±0.7 17.6±3.3 -18.7±4.4 I 
Enamel heated to 100 ºC 12 69.0±2.2 39.5±1.9 40.6±3.2 39.3±1.6 1.7±0.7 7.4±2.0 -40.2±4.0 II 
Enamel heated to 200 ºC 12 72.2±2.0 41.3±2.4 40.9±3.4 39.1±1.7 1.7±0.5 5.5±1.1 -45.9±5.1 III 
Saliva-coated enamel 12 39.1±1.9 35.6±1.4 38.3±2.3 40.5 ±1.1 0.3±0.1 41.3±2.5 19.3±3.9 I 
Saliva-coated enamel 
after heating to 100 ºC 
12 46.4±2.3 39.4±3.1 44.5±3.8 37.2±2.0 0.6±0.5 34..2±5.2 9.9±8.2 II 
Saliva-coated enamel 
after heating to 200 ºC 
12 48.0±3.0 39.2±1.2 43.1±1.5 38.0±0.8 0.5±0.2 31.7±4.4 5.6±7.1 II 
aContact angle of enamel surface under double-distilled water 
bContact angle of enamel surface under formamide 
cContact angle of enamel surface under diiodomethane 
dThe ranking order of ΔGsws is obtained from Post-hoc multiple comparisons tests. Groups with different 


















Figure 4.2  Hydrophobicity (ΔGsws) of bare enamel (■) and saliva-coated enamel (■). 
Differences of zeta potentials among subgroups with different thermal treatments are indicated 




































4.2 PHYSICOCHEMICAL PROPERTIES OF ORAL BACTERIA  
4.2.1 Zeta potential measurements of oral pioneer strains 
Zeta potential of S. sanguis was close to zero, whereas that of S. mitis and S. 
oralis was similar to each other and more negative than S. sanguis (p<0.01) (Table 
4.3).  
Table 4.3  Zeta potential measurements for bacterial cells (mean ± SD) 
Organisms N Electrophoretic mobility(10-8 m2V-1s-1) Zeta potential (mV) Rankinga 
S. mitis  5 -0.23±0.04 -2.86±0.57 I 
S. oralis  5 -0.19±0.02 -2.34±0.21 I 
S. sanguis  5 -0.07±0.03 -0.86±0.31 II 
a The ranking order of zeta potential is obtained from Post-hoc multiple comparisons tests. 


















Figure 4.3 Zeta potentials of three bacterial strains in 0.1M MES-NaOH buffer. Differences of 
zeta potentials among different bacterial strains are indicated with * and ** based on the 








































4.2.2 CAM of oral pioneer strains 
    Contact angles of bacterial lawn were measured and ΔGsws values were 
calculated as a measure of its hydrophobicity (Ong et al., 1999). The data 
suggested that S. sanguis was more hydrophobic than S. oralis and S. mitis 
(p<0.01). The hydrophobicity was not significantly different between S. oralis and 
S. mitis (p>0.05) (Table 4.4).  
Table 4.4 Microbial contact angles, surface free energy components and hydrophobicity 
expressed as ΔGsws (mean±SD) 
aContact angle of microbial lawn under double-distilled water 
bContact angle of microbial lawn under formamide 
cContact angle of microbial lawn under diiodomethane 
dThe ΔGsws ranking order of is obtained from Post-hoc multiple comparisons tests. Groups 










Figure 4.4 Hydrophobicity (ΔGsws) of three bacterial strains. Differences of hydrophobicity 
among different bacterial strains are indicated with * and ** based on the statistical 
significance. Different asterisk denotes statistical significance.  
 
 
Organisms N θw (о)a θ f (о)b θD (о)c 









S. mitis 12 15.0±1.1 13.3±1.0 54.3±3.8 31.8±2.1 3.1±0.6 51.7±0.4 26.2±1.0 I 
S. oralis 12 17.5±1.5 15.9±2.1 54.1±2.1 32.0±1.2 2.9±0.4 51.0±1.3 26.1±1.7 I 

































4.2.3 Zeta potentials analysis of oral pioneer strains after glutaraldehyde 
treatment 
The zeta potentials of S. mitis, S. oralis and S. sanguis without 
glutaraldehyde treatment were -2.86 ± 0.57, -2.34 ± 0.21 and -0.86 ± 0.31 mV, 
respectively. They were -2.04 ± 0.73, -2.74 ± 0.55 and -0.76 ± 0.82 mV 
respectively after glutaraldehyde treatment (Table 4.5). Two-way ANOVA analysis 
showed that zeta potentials of the three bacterial cells were not affected by the 
application of glutaraldehyde treatment (p>0.05).  
 
 
Table 4.5 Zeta potential measurements for bacterial cells with and without 
glutaraldehyde treatment (mean ± SD) 
Electrophoretic mobility(10-8 m2V-1s-1) Zeta potential (mV)* 












S. mitis 5 -0.23±0.04 -0.16±0.06 -2.86±0.57 -2.04±0.73 
S. oralis 5 -0.19±0.02 -0.22±0.05 -2.34±0.21 -2.74±0.55 
S. sanguis 5 -0.07±0.03 -0.06±0.06 -0.86±0.31 -0.76±0.82 
  * The dependent variable is “zeta potential” with the independent variables “bacteria” and “glutaraldehyde 
treatment”. Two-way ANOVA is used to analyze the significance level of effect of glutaraldehyde 
treatment. 
 
4.2.4 CAM of oral pioneer strains after glutaraldehyde treatment  
The water, formamide and diiodomethane contact angles for S. mitis, S. 
oralis and S. sanguis with and without glutaraldehyde treatment were all not 






Table 4.6 Water contact angle measurements of bacterial cells with and without 
glutaraldehyde treatment (mean ± SD) 
   a The dependent variable is “water contact angle” with the independent variables “bacteria” and 







Table 4.7  Formamide contact angle measurements of bacterial cells with and without 
glutaraldehyde treatment (mean ± SD) 
    a The dependent variable is “formamide contact angle” with the independent variables “bacteria” and 






Table 4.8  Diiodomethane contact angle measurements of bacterial cells with and 
without glutaraldehyde treatment (mean ± SD) 
    a The dependent variable is “diiodomethane contact angle’’ with the independent variables “bacteria” and 





Organisms N Without glutaraldehyde treatment (о) With glutaraldehyde treatment(о) 
S. mitis  12 15.0±1.1 14.7±1.2 
S. oralis  12 17.5±1.5 17.5±0.8 
S. sanguis  12 22.3±1.2 21.8±1.2 
Organisms N Without glutaraldehyde treatment (о) With glutaraldehyde treatment(о) 
S. mitis  12 13.3±1.0 14.1±1.0 
S. oralis  12 15.9±2.1 14.9±1.7 
S. sanguis  12 17.5±1.0 18.1±1.5 
Organisms N Without glutaraldehyde treatment (о) With glutaraldehyde treatment(о) 
S. mitis  12 54.3±3.8 52.7±2.4 
S. oralis  12 54.1±2.1 55.5±1.8 
S. sanguis  12 52.7±1.8 54.2±2.1 
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4.3 EVALUATION OF BACTERIAL ADHESION WITH ADHESION 
ASSAY 
The effect of heating on bacterial adhesion to enamel particles varied with the 
different bacterial strains. The adhesion (%) of S. mitis decreased from 37.4 % to 
24.6 % and 24.4 % after the enamel was heated to 100 and 200 ºC, respectively, 
although this was not statistically significant (p=0.084 and 0.072 respectively). 
The adhesion (%) of S. oralis to enamel significantly decreased from 48.0 % to 
33.8 % and 33.4% after the enamel was heated to 100 and 200 ºC respectively 
(p<0.05). The adhesion (%) of S. mitis to saliva-coated enamel decreased from 
61.2 % to 34.6 % (100 ºC) and 33.0% (200 ºC) (p<0.01). The adhesion (%) of S. 
oralis to saliva-coated enamel decreased from 65.0 % to 44.4 % (100 ºC) and 42.0 
% (200 ºC) (p<0.05). Heating did not significantly influence the adhesion (%) of S. 
sanguis to enamel and saliva-coated enamel (p>0.05) (Table 4.9 and Table 4.10a). 
In this study, we used multiple Post-hoc comparisons with Bonferroni 
correction to adjust p values. This method was a more conservative statistical 
evaluation. The aforementioned statistical results after Bonferroni corrections are 
not identical to those without the corrections. Before the Bonferroni corrections, 
there were trends which were summarized in Table 4. 16 and 4. 17. There was 
reduced adhesion of S. mitis to heated enamel (100 and 200 ºC) when compared to 
unheated enamel. Saliva coating increased the adhesion of S. mitis to the heated 
enamel (100 ºC) and the adhesion of S. oralis to unheated enamel as well as that 
heated to 100 ºC. The adhesion of S. oralis and S. sanguis were more than that of 
S. mitis to heated enamel (100 ºC). The adhesion of S. sanguis was more than that 
of S. mitis to enamel heated to 200 ºC. The adhesion of S. sanguis was more than 
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that of S. mitis to the saliva-coated enamel heated to 100 ºC (Table 7.6, 7.7 and 7.8 
in Appendix A7).    
Table 4.9   Adhesion (%) of bacteria to different enamel particles (mean±SD)a 
a Results are means of 5 measurements of the bacterial adhesion (%) ± standard deviations.  
 
b The ranking order is obtained from pairwise comparison with Bonferroni correction for the 
heating effect on the “adhesion (%)” of different bacteria adherent to enamel with or without 




Table 4.10 Summary of statistical evaluation of adhesion percentage of bacteriaa  
 
(a) Subgroup analysis related to Post-hoc tests of “temperature” factor  






Adhesion (%)  Enamel samples 
(N=5) S. mitis S. oralis S. sanguis 
Enamel 37.4±2.8 (I) 48.0±7.9 (I) 52.6±12.2 (I) 
Enamel heated to 100 ºC 24.6±4.7 (I) 33.8±5.1 (II) 49.0±14.2 (I) 
Enamel heated to 200 ºC 24.4±8.7 (I) 33.4±4.8 (II) 60.0±16.4 (I) 
Saliva-coated enamel 61.2±4.4 (I) 65.0±2.3 (I) 65.2±17.3 (I) 
Saliva-coated enamel after 
heating to 100 ºC 
34.6±5.9 (II) 44.4±7.4 (II) 48.4±10.2 (I) 
Saliva-coated enamel after 
heating to 200 ºC 
33.0±5.7 (II) 42.0±11.8 (II) 45.2±11.7 (I) 
Significance level 
Without saliva coating With saliva coating  
S. mitis S. oralis S. sanguis S. mitis S. oralis S. sanguis 
Without heating Vs 100 ºC 0.084 0.048* 1.000 <0.001*** 0.030* 0.948 
Without heating Vs 200 ºC 0.072 0.042* 1.000 <0.001*** 0.012* 0.510 
100 ºC Vs 200 ºC 1.000 1.000 1.000 1.000 1.000 1.000 
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(b) Subgroup analysis related to Post-hoc tests of “bacteria” factor  







(c) Subgroup analysis related to Post-hoc tests of “saliva” factor  
after Bonferroni correction 
 
a The general linear model with split file for the other two independent variables and post-hoc 
multiple comparisons with proper Bonferroni correction are used to analyze the individual 






Without saliva coating With saliva coating  
Without heating 100 ºC 200 ºC Without heating 100 ºC 200 ºC 
S. mitis Vs S. oralis 0.558 0.294 1 1 1 1 
S. mitis Vs S. sanguis 0.714 0.240 0.084 1 0.276 1 
S. oralis Vs S. sanguis 1 1 0.300 1 1 1 
Significance level 
S. mitis S. oralis S. sanguis  
Without  
heating 100 ºC 200 ºC 
Without 
heating 100 ºC 200 ºC  
Without  
heating 100 ºC 200 ºC 
Without Vs  
With saliva 
coating 





























Figure 4.5 Bacterial adhesion percentages to uncoated enamel (■) and saliva-coated enamel (■) with and 
without thermal treatment: (A) S. mitis (B) S. oralis (C) S. sanguis. Differences of adhesion percentage among 
subgroups with different thermal treatments are indicated with * and ** based on the statistical significance. 
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4.4 EVALUATION OF BACTERIAL ADHESION USING CLSM 
The ratios of the area occupied by microorganisms varied with the strains. 
The total areas occupied by both viable and non-viable bacteria of three strains 
were analyzed. Table 4.11 summarized the ratios of the area occupied by 3 
bacteria strains to the whole area of the visual field on the enamel surfaces.  
The ratios of areas occupied by S. mitis and S. oralis decreased significantly 
from 1.81 to 0.49 (100 ºC) and 0.52 % (200 ºC) and from 3.81 to 0.81 (100 ºC) 
and 0.86 % (200 ºC) after heating respectively (p<0.05). With saliva coating, the 
ratios of areas occupied by S. mitis decreased from 2.86 to 0.78 (100 ºC) and 0.80 
% (200 ºC), although not statistically significant; the ratios of areas occupied by S. 
oralis significantly decreased from 4.58 to 1.15 (100 ºC) and 0.81% (200 ºC) 
respectively (p<0.01). However, the heating did not significantly influence the 
ratios of area occupied by S. sanguis on enamel with and without saliva coating 
(p>0.05) (Table 4.12a).  
The effect of “bacteria” was evaluated in this CLSM study. S. sanguis 
covered more area than S. oralis and S. mitis on enamel heated to 100 ºC (p<0.05). 
The area covered by the three bacterial cells was not significantly different on the 
saliva-coated enamel (p>0.05) (Table 4.12b).   
The effect of “saliva” was also analyzed in this part of study. The ratios of 
areas occupied by the 3 bacterial cells on the saliva-coated enamel were not 
significantly different with those on the uncoated enamel (p>0.05) (Table 8.2 in 
appendix A8). 
The aforementioned statistical results after Bonferroni corrections are not 
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identical to those without the corrections. Before the Bonferroni correction, there 
was a trend that the area covered by S. sanguis was more than that covered by S. 
mitis on saliva-coated heated enamel (100 ºC) (Table 8.9 in appendix A8).  
Table 4.11  Ratios of Area Occupied by Bacteria on Enamel (%) (mean ± SD )a  
Enamel samples Area occupied by S. mitis Area occupied by S. oralis Area occupied by S.sanguis
Enamel 1.81±0.29 (I) 3.18±0.83 (I) 3.54±0.82 (I) 
Enamel heated to 100 ºC 0.49±0.27 (II) 0.81±0.22 (II)   3.20±0.70 (I) 
Enamel heated to 200 ºC 0.52±0.10 (II) 0.86±0.29 (II) 3.31±3.10 (I) 
Saliva-coated enamel 2.86±1.27 (I) 4.58±0.19 (I) 3.58±0.83 (I) 
Saliva-coated enamel 
after heating to 100 ºC 0.78±0.12 (I) 1.15±0.30 (II) 2.34±0.85 (I) 
Saliva-coated enamel 
after heating to 200 ºC 0.80±0.96 (I) 0.81±0.09 (II) 2.08±0.80 (I) 
a Results are means of 9 ratios of area occupied by different bacteria analyzed on 3 enamel 
samples, 3 randomly selected locations per sample ±standard deviations.  
 
b The ranking order is obtained from pairwise comparison with Bonferroni correction for the 
heating effect on the “ratios” of different bacteria adherent to enamel with or without saliva 



























































































Figure 4.6 Ratios (%) of area occupied by bacteria on the uncoated enamel (■) and 
saliva-coated enamel (■) with and without thermal treatment: (A) S. mitis (B) S. oralis (C) S. 
sanguis. Differences of adhesion percentage among subgroups with different thermal 
treatments are indicated with * and ** based on the statistical significance. Different asterisk 






































































Table 4.12 Summary of statistical evaluation of ratios of area occupied by bacteriaa 
(a) Subgroup analysis related to Post-hoc tests of “temperature” factor  






(b) Subgroup analysis related to Post-hoc tests of “bacteria” factor  
after Bonferroni correction 
 
a The general linear model with split file for the other two independent variables and 
post-hoc multiple comparisons with proper Bonferroni correction are used to analyze the 
individual effect. Since factorial analysis shows that “saliva” has no effect (p>0.05), it is 







Without saliva coating With saliva coating  
S. mitis S. oralis S. sanguis S. mitis S. oralis S. sanguis 
Without heating Vs 100 ºC 0.006** 0.024* 1 0.432 <0.001*** 1 
Without heating Vs 200 ºC 0.006** 0.024* 1 0.450 <0.001*** 0.888 
100 ºC Vs 200 ºC 1 1 1 1 1 1 
Significance level 
Without saliva coating With saliva coating 
 
Without heating 100 ºC 200 ºC Without  heating 100 ºC 200 ºC 
S. mitis & S. oralis 0.690 1 1 0.708 1 1 
S. mitis & S. sanguis 0.306 0.006** 1 1 0.150 1 
























Figure 4.7 Confocal laser scanning microscopic images of S. mitis adhering to (a) the bare 
enamel, (b) the enamel heated to 100 ºC, (c) the enamel heated to 200 ºC, (d) the 
saliva-coated enamel, (e) the saliva-coated enamel after heating to 100 ºC, and (f) the 
saliva-coated enamel after heating to 200 ºC. Vital and non-vital bacterial cells are stained 
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Figure 4.8 Confocal laser scanning microscopic images of S. oralis adhering to (a) the bare 
enamel, (b) the enamel heated to 100 ºC, (c) the enamel heated to 200 ºC, (d) the 
saliva-coated enamel, (e) the saliva-coated enamel after heating to 100 ºC, and (f) the 
saliva-coated enamel after heating to 200 ºC. Vital and non-vital bacterial cells are stained 

























Figure 4.9 Confocal laser scanning microscopic images of S. sanguis adhering to (a) the 
bare enamel, (b) the enamel heated to 100 ºC, (c) the enamel heated to 200 ºC, (d) the 
saliva-coated enamel, (e) the saliva-coated enamel after heating to 100 ºC, and (f) the 
saliva-coated enamel after heating to 200 ºC. Vital and non-vital bacterial cells are stained 
fluorescent green and red respectively. The scale bar is 10 µm for all images.  
 
4. 5 EVALUATION OF BACTERIAL ADHESION BY AFM 
4.5.1 Calibration of deflection sensitivity and spring constant of cellular tips 
In the study, six functionalized tips were used to measure the interaction 
forces for each bacterial strain. For each bacterial strain, three of these 6 
functionalized tips were used to measure the interaction to uncoated enamel 
samples including three subgroups (enamel, enamel heated to 100 ºC and 200 ºC) 
and another three tips were used to measure the interaction to saliva-coated 
enamel samples including (saliva-coated enamel, saliva-coated enamel after 
a b c 
d e f 
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heating to 100 ºC and 200 ºC). In total, eighteen standard Veeco DNP tips were 
used in the study. The deflection sensitivity and spring constant were calibrated 
before the force measurements (Table 4.13).   
Table 4.13 Deflection sensitivity and spring constant of 18 different cantilevers 
Deflection sensitivity (nm/V) Spring constant (N/m) 
Groups Cantilevers 
S. mitis S. oralis S. sanguis S. mitis S. oralis S. sanguis 
1  52 94 62 0.0600 0.0600 0.0597 
2  80 90 50 0.0602 0.0575 0.0600 Uncoated 
3  62 58 50 0.0598 0.0600 0.0555 
1  66 55 75 0.0600 0.0582 0.0557 
2 67 57 62 0.0600 0.0595 0.0600 Coated  
3 65 56 70 0.0600 0.0579 0.0600 
 
4.5.2 SEM analysis of cellular probes 
To perform AFM force measurements, it was necessary to establish a reliable 
procedure for the formation of a confluent cell layer on the cantilever tip (Ong et 
al., 1999). The bacterial cells were treated with glutaraldehyde and subsequently 
immobilized onto PEI-coated Si3N4 tips.  
Scanning electron micrographs taken at the end of force measurements 
confirmed that the Si3N4 tips remained covered with confluent layer of bacterial 
cells (Figure 4.5). It should be noted that structural and morphological changes of 
bacteria cells attached to the AFM tip must be expected during preparations for 
SEM images. In preparation for SEM imaging, it was necessary to place the AFM 
cantilever in a desiccator to remove moisture so as to enhance the adhesion of a 
gold coating sputtered onto the bacteria to reflect electrons. This desiccation 
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Figure 4.10  Scanning electron microscope images with a bare AFM Si3N4 tip (A), a tip fully 
coated by S. sanguis ATCC 10556 cells in a tilted view (15º) (B) and bacteria-coated tip in a 







4.5.3 Evaluation of adhesion forces by AFM 
All the approach curves of the three bacteria to enamel surfaces showed 
repulsion forces (Figure 4.6, 4.7 and 4.8).  
The adhesion forces that occurred when the cellular tips retracted from the 
different enamel surfaces were distinctly different. The adhesion force of S. mitis 
to enamel decreased significantly from 374.2 to 99.0 (100 ºC) and 80.0 (200 ºC) 
pN after enamel was heated (p<0.01). The adhesion force of S. oralis decreased 
from 1177.9 to 454.0 (100 ºC) and 448.3 (200 ºC) pN after enamel was heated, 
although not reaching statistical significance (p=0.084). Even after saliva coating, 
the adhesion force of S. mitis decreased significantly from 163.4 to 58.5 (100 ºC) 
and 57.9 pN (200 ºC) (p<0.01) (Table 4.15a); the adhesion force of S. oralis 
decreased from 357.8 to 76.2 (100 ºC) and 76.2 pN (200 ºC), although not 
reaching statistical significance (p=0.072 and 0.090 respectively). However, the 
heating did not influence the adhesion forces of S. sanguis to enamel with and 
without saliva coating (p>0.05) (Table 4.15a). 
The effect of the factor “bacteria” on the adhesion force was analyzed. 
Without saliva coating, the adhesion force of S. oralis was greater than that of S. 
mitis when enamel was heated to 100 ºC (p<0.05). With saliva coating, the 
adhesion force of S. sanguis was greater than that of S. oralis and S. mitis when 
enamel was heated to 200 ºC (p<0.05). The adhesion forces of three bacteria were 
not significantly different to unheated enamel with or without saliva coating 
(p>0.05) (Table 4.15b). 
    The effect of factor “saliva” on the adhesion force was analyzed too. The 
  109
saliva did not influence the adhesion forces of three bacteria to unheated and 
heated enamel (p>0.05) (Table 4.15c).  
The aforementioned statistical results after Bonferroni corrections are not 
identical to those without the corrections. Before the Bonferroni correction, there 
was a trend that the heating decreased the adhesion force of S. oralis to enamel 
with and without saliva coating; saliva decreased the adhesion force of S. mitis to 
unheated enamel and the adhesion force of S. oralis to enamel heated to 100 and 
200 ºC; saliva increased the adhesion force of S. sanguis to enamel heated to 100 
ºC; the adhesion force of S. mitis was greater than that of S. sanguis to unheated 
enamel; the adhesion force of S. oralis was greater than that of S. sanguis to 
enamel heated to 100 ºC; the adhesion force of S. oralis was greater than that of S. 
mitis to enamel heated to 200 ºC; the adhesion force of S. oralis was greater than S. 
mitis to saliva-coated unheated enamel; the adhesion force of S. sanguis was 
greater than that of S. mitis and S. oralis to saliva-coated enamel heated to 100 ºC 





















Table 4.14 Adhesion forces of bacteria to enamel surfaces (mean ± SD) 
 
a  Results are means of 150 force-distance curves taken over 3 enamel samples, 5 randomly selected 
locations per sample, and 10 force curves per location ±standard deviations. 
 
b  The ranking order is obtained from pairwise comparison with Bonferroni correction for the heating effect 
on the bacterial adhesion force to enamel without and with saliva coating. Groups with different numerals are 
statistically different (p < 0.05 or lower).  
     
 
  Table 4.15 Summary of statistical evaluation of adhesion forcea 
(a) Subgroup analysis related to Post-hoc tests of “temperature” factor  

















S. mitis S. oralis S. sanguis 
Enamel 374±64 (I) 1178±343 (I) 184±45 (I) 
Enamel heated to 100 ºC 99 ±46 (II) 454±112 (I) 218±63 (I) 
Enamel heated to 200 ºC 80 ±8 (II) 448±89 (I) 226±86 (I) 
Saliva-coated enamel 163 ±23 (I) 358±43 (I) 319±137 (I) 
Saliva-coated enamel after heating to 
100 ºC 
58 ±8 (II) 76±9 (I) 360±56 (I) 
Saliva-coated enamel after heating to 
200 ºC 
58±13 (II) 76±3 (I) 337±55 (I) 
Significance level 
Without saliva coating With saliva coating  
S. mitis S. oralis S. sanguis S. mitis S. oralis S. sanguis 
Without heating Vs 100 ºC 0.006** 0.084 1 0.006** 0.072 1 
Without heating Vs 200 ºC 0.006** 0.084 1 0.006** 0.090 1 
100 ºC Vs 200 ºC 1 1 1 1 1 1 
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(b) Subgroup analysis related to Post-hoc tests of “bacteria” factor  
after Bonferroni correction 
 
 
(c) Subgroup analysis related to Post-hoc tests of “saliva” factor  
after Bonferroni correction 
a The general linear model with split file for the other two independent variables and post-hoc 





Without saliva coating With saliva coating  
Without  heating 100 ºC 200 ºC Without heating 100 ºC 200 ºC 
S. mitis Vs S. oralis 0.648 0.024* 0.228 0.078 0.918 1 
S. mitis Vs S. sanguis 0.258 1 1 1 0.132 <0.001*** 
S. oralis Vs S. sanguis 0.450 0.150 0.528 1 0.144 <0.001*** 
Significance level 
S. mitis S. oralis S. sanguis  
Without 
heating 100 ºC 200 ºC 
Without 
heating 100 ºC 200 ºC 
Without 
heating 100 ºC 200 ºC 
Without Vs  












































Figure 4.11 Representative retraction force curves of S. mitis to bare enamel (a) and 
saliva-coated enamel (b). Dotted lines in black (…..), dark grey (…..) and light grey (…..) 
denote bacterial adhesion to unheated enamel, enamel heated to 100 ºC and 200 ºC 
respectively. The inset figures show the zoomed-in portions of adhesion forces. Continuous 
lines in black (—), dark grey (—) and light grey (—) denote bacterial adhesion to unheated 





























































































Figure 4.12 Representative retraction force curves of S. oralis to bare enamel (a) and 
saliva-coated enamel (b). Dotted lines in black (…..), dark grey (…..) and light grey (…..) 
denote bacterial adhesion to unheated enamel, enamel heated to 100 ºC and 200 ºC 
respectively. The inset figures show the zoomed-in portions of adhesion forces. Continuous 
lines in black (—), dark grey (—) and light grey (—) denote bacterial adhesion to unheated 





























































































Figure 4.13 Representative retraction force curves of S. sanguis to bare enamel (a) and 
saliva-coated enamel (b). Dotted lines in black (…..), dark grey (…..) and light grey (…..) 
denote bacterial adhesion to unheated enamel, enamel heated to 100 ºC and 200 ºC 
respectively. The inset figures show the zoomed-in portions of adhesion forces. Continuous 
lines in black (—), dark grey (—) and light grey (—) denote bacterial adhesion to unheated 
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Before Bonferroni correction: -no change  ↓decreased adhesion         2100 
After Bonferroni correction: (*-) no change  (*↓) decreased adhesion2101 
Adhesion assay CLSM AFM 
100 ºC (N=5) 200 ºC (N=5) 100 ºC (N=3) 200 ºC (N=3) 100 ºC  (N=3) 200 ºC  (N=3) 
 
uncoated coated uncoated coated uncoated coated uncoated coated uncoated coated uncoated coated 
S. mitis 
ATCC 49456 
↓(*-) ↓ (*↓) ↓(*-) ↓ (*↓) ↓ (*↓) -(*-) ↓ (*↓) -(*-) ↓ (*↓) ↓ (*↓) ↓ (*↓) ↓ (*↓) 
S. oralis  
ATCC 35037  
↓ (*↓) ↓ (*↓) ↓ (*↓) ↓ (*↓) ↓ (*↓) ↓ (*↓) ↓ (*↓) ↓ (*↓) ↓(*-) ↓(*-) ↓(*-) ↓(*-) 
S. sanguis  
ATCC 10556 
-(*-) -(*-) -(*-) -(*-) -(*-) -(*-) -(*-) -(*-) -(*-) -(*-) -(*-) -(*-) 
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Table 4.17 Saliva coating effect on bacterial adhesion before and after Bonferroni 
correction 
 
Rm: room temperature     
Before Bonferroni correction: -no change  ↓decreased adhesion ↑increased adhesion    



























                                                 
Adhesion assay CLSM  AFM (Fadh )  
Rm  100 ºC 200 ºC Rm  100 ºC 200 ºC Rm  100 ºC 200 ºC 
S. mitis 
ATCC 49456 
↑(*↑) ↑(*-) -(*-) -(*-) -(*-) -(*-) ↓(*-) -(*-) -(*-) 
S. oralis  
ATCC 35037  
↑(*-) ↑(*-) -(*-) -(*-) -(*-) -(*-) -(*-) ↓(*-) ↓(*-) 
S. sanguis  
ATCC 10556 
-(*-) -(*-) -(*-) -(*-) -(*-) -(*-) -(*-) ↑(*-) -(*-) 
  117
DISCUSSION CHAPTER V 
Initial adhesion to the tooth surface by oral pioneer bacterial colonizers is 
essential for the development and maturation of dental plaque. Understanding the 
factors that influence the initial colonization of this microbial community may 
facilitate the development of novel preventive therapies for dental plaque 
formation.  
In our study, the physicochemical properties of enamel after thermal treatment 
were evaluated. Adhesion assay, confocal laser scanning microscopy and atomic 
force microscopy were employed to quantify oral bacterial adhesion to enamel 
surfaces after thermal treatment and saliva coating.  
 
5.1 EFFECT OF HEATING AND SALIVA ON PHYSICOCHEMICAL 
PROPERTIES OF ENAMEL SURFACE  
In this study, heating and saliva coating are the two main factors and may 
affect the physicochemical properties of enamel surfaces including hydrophobicity 
and zeta potential.   
 
5.1.1 Effect of heating on physicochemical properties of enamel surface 
     Heating can induce compositional and structural changes of enamel. These 
changes may lead to different characteristics of enamel surfaces including 




5.1.1.1 Effect of heating on hydrophobicity 
Dental enamel was more hydrophobic after thermal treatment. Up to now, 
there was no report about the change in hydrophobicity of heated enamel surfaces. 
One report showed that the heat-treated calcium phosphate (CaP) coating on 
titanium disk was more hydrophobic than those without thermal treatment (Yang 
et al., 2003). Another study reported that Er: YAG laser treatment (200 mJ and 
4Hz) resulted in the increase of surface roughness and surface free energy of 
enamel but Nd: YAP laser (310mJ and 10Hz) did not change the surface roughness 
and surface free energy (Armengol et al., 2003). The discrepancy of effect 
between the two lasers may be attributed to the different photothermal effect. The 
use of a low-energy electron irradiation achieved tunable hydrophobicity of the 
hydroxyapatite ceramics in a wide range of water contact angles from 10 to 100 º, 
which may be due to increases of trapped electron/hole charges in the 
hydroxyapatite surface layer (Aronov et al., 2006). The incident electrons produce 
electron/hole pairs leading to variations of the surface potential and induce 
hydrophobicity modification.  
The silicon surface contact angle increased from 64.2 to 97.5 º after laser 
treatment (Wang et al., 2009). Low hydrophobicity always indicated high 
surface-free energy, whereas high hydrophobicity indicated low surface-free 
energy (Duncan-Hewitt, 1990).  
 Enamel heated to 100 and 200 ºC differed primarily from the original 
sample in that it contained less water (Lin et al., 2000; Haberko et al., 2006) and 
CO32- (Holcomb and Young, 1980; Fowler and Kuroda, 1986), and more structural 
OH- (Holcomb and Young, 1980). The water content (%) of enamel was reduced 
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by about 12% and 27% when heated to 100 and 200 ºC, respectively (Holcomb 
and Young, 1980). The CO32- content (%) of enamel decreased 13% and 23% 
when heated to 100 and 200 ºC, respectively (Ying, 2001). OH- content (%) of 
enamel increased about 10% and 30% when heated to 100 and 200 ºC, 
respectively (Holcomb and Young, 1980). 
It was found that the water contact angle for a type of nanocomposite, poly 
(isopropylacrylamide) hydrogel, was dependent on the water content (Haraguchi 
et al., 2008). Hydrophobicity gradually increased with decreasing water content 
(Haraguchi et al., 2008). The presence of CO32- groups caused the polymer surface 
to be more hydrophobic (Zhang et al., 1994; Khorasani et al., 1996). 
Hydrophobicity increased with the increased content of OH- groups on surfaces 
(alkyltrichlorosilane-coated silison/glass surfaces and HEMA-coated NafionTM 
surfaces) (Margel et al., 1993; Valdes et al., 2008). Carbonate, hydroxyl and water 
contents (mmoles/g) of normal enamel were found to be 0.464, 1.62 and 1.67 
mmoles per gram respectively (Vatassery et al., 1970; Shellis and Wilson, 2004). 
Therefore, the estimated changes would be 0.06/0.162/0.20 and 0.106/0.486/0.451 
mmoles per gram for CO32-/OH-/H2O when enamel was heat to 100 and 200 ºC 
respectively. The relatively smaller change of CO32- would be overwhelmed by the 
greater changes of OH- and water in increasing the hydrophobicity. Lower water 
content and higher content of OH- groups and relatively small change of CO32- on 
enamel heated to 200 ºC may account for its higher hydrophobicity in comparison 
with enamel heated to 100 ºC (Table 4.2 and 5.1).  
In this study, the enamel samples were used for experiments after the 
application of thermal treatment within one week. It was found that low-energy 
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electron irradiation can achieve stable hydrophilic and hydrophobic states of 
hydroxyapatite for at least one month in different environmental conditions, such 
as air and water (Aronov et al., 2006).  
 
5.1.1.2 Effect of heating on zeta potential 
Currently, there is no report about the influence of heating on zeta potential 
of enamel. In this study, the zeta potentials of heated enamel became more 
negative, even after saliva coating. It was found that heat-treated hydroxyapatite 
had more negative zeta potential when compared to the hydroxyapatite without 
heating on dispersion in the aqueous media (Bhattachajee et al., 2006). 
The changes of zeta potentials may be attributed to changes of surface 
composition and structure. As aforementioned, when enamel was heated to 100 ºC 
and 200 ºC, there was large increase in OH- ions on the surface (Holcomb and 
Young, 1980; Fowler and Kuroda, 1986), which may account for the more 
negative zeta potential of enamel after thermal treatment. The OH- ions increased 
and CO32- ions decreased with the increase of heating temperature in this study. 
Taking into consideration of the major heat-induced ion changes, the electrical 
charges of OH- and CO32- in unheated enamel is about 1.62×(-1) + 0.464×(-2) = 
-2.548 mmol electronic charges per gram.  When enamel was heated to 100ºC, 
the total electrical charge of OH- and CO32- is about:  
1.62×(-1)×(1+10%)+0.464×(-2)×(1-13%) = -2.589 mmol electronic charges per 
gram. When enamel is heated to 200ºC, the total electrical charge content of OH- 
and CO32- is about: 1.62×(-1)×(1+30%) +0.464×(-2)×(1-23%)= -2.820 mmol 
electronic charges per gram. 
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The estimated differences of the electrical charges between unheated enamel 
and enamel heated to 100ºC, and between enamel heated to 100 and 200ºC are 
about 0.041 and 0.231 mmol electron charges per gram, respectively. In this 
temperature range, there was no change of other ions (Holcomb and Young, 1980; 
Fowler and Kuroda, 1986; Ying, 2001). As the above calculation of charge content 
is just a rough estimation, it shows that there may theoretically be more negative 
charges on the surface of the heated enamel compared to the unheated enamel. 
The principle of determining zeta potential by microelectrophoresis is quite simple. 
A controlled electric field is applied between electrodes immersed in the 
suspension and this causes the charged particles to move. Therefore, zeta potential 
reflects the “effective charge” on the particle surface (Ding et al., 2009). However, 
it is very clear that the zeta potential is not linearly correlated to the surface charge 
density (Ding et al., 2009). Instead, it is intertwined by the dissociation constant of 
ions in solution, the pH of the medium and the concentration of dissociated 
chargeable sites; and may only be expressed as a complex mathematical function 
(Ding et al., 2009). This may explain that difference of zeta potential between 
unheated enamel and enamel heated to 100ºC was statistically significant although 
the estimated difference of charge between them was relatively small. It may also 
help elucidating why the relatively larger difference of charge difference between 
enamel heated to 100 or 200ºC did not produce the statistically significant 
difference expected in the zeta potential. 
    In this study, after the application of thermal treatment, the enamel samples 
were kept in a desiccator and used for experiments in one week. It was found that 
zeta potential of the polarized CTFE (polychlorotrifluoroethylene) appeared stable 
  122
for at least one month (Offner and Breger, 1968). 
Table 5.1 Summary of compositional changes and physicochemical properties of heated enamel 
 
RT: room temperature   ↓: decreased content   ↑: increased content 
 
5.1.2 Effect of saliva on physicochemical properties of enamel surface 
    Pooled saliva was used to coat the enamel surface for measurement of the 
physicochemical properties of saliva-coated enamel. Pellicle compositions varied 
intra- and inter-individually due to the site-specific differences in composition and 
secretion of saliva and differences in salivary flow rates and genetic 
polymorphism among amylase and proline-rich proteins (PRPs) (Van Hoogmoed 
et al., 2006). In this study, the pooled saliva was collected from a group of 10 
volunteers and these differences were assumed to be averaged out.  
Saliva coating made the enamel surfaces more hydrophilic in this study, 
which was in agreement with report by other studies (Weerkamp et al., 1988; Mei 
et al., 2009a). The water contact angle on enamel was 53º, which decreased to 29º 
after saliva coating (Weerkamp et al., 1988). Accordingly, the surface free energy 
(SFE) of enamel increased from 87 to 119 mJ m-2 after saliva coating (Weerkamp 
et al., 1988). They calculated the SFE based on two liquids (water and 
α-bromonaphthalene) by use of the geometric mean equation. Although contact 
 
RT-100 ºC RT-200 ºC 
Heating effect on 
zeta potential 
Heating effect on hydrophobicity 
↓H2O% 
12% 
(Holcomb and Young, 
1980) 
27%  















(Holcomb and Young, 
1980) 
30% 
(Holcomb and Young, 
1980) 
More negative 
More hydrophobic  
(Margel et al., 1993; Valdes et al., 
2008) 
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angle measurements with different liquids of known surface energy forms the 
foundation in the calculation of SFE, the results may be largely different, as it 
depends on the approach followed (Sharma and Rao, 2002). Currently, there are 
several approaches to calculate SFE, including the state equation, the geometric 
mean equation and using Lifshitz van der Waals approach. However, no criterion 
for selecting the approaches is known to be superior to others. Furthermore, 
derived SFE depends very strongly on the type of the test liquids (van der Mei et 
al., 1991). Since the liquid selected in our study differed from that published by 
others, the SFE results were not comparable to other published results. 
Consequent to the above, we selected the hydrophobicity value (ΔGsws) of 
bacterial and enamel surfaces as a parameter to describe the surface property 
instead of SFE as ΔGsws is the most important value for determining surface 
hydrophobicity or hydrophilicity (Naim et al., 1997). The surface is considered to 
be hydrophobic with ΔGsws <0, while the surface is hydrophilic with ΔGsws >0 
(Naim et al., 1997).  
The salivary components detected in enamel pellicle were mucins, α-amylase, 
sIgA, lysozyme, cystatins, and proline-rich proteins (Scannapieco, 1994). 
Adsorption of salivary components appeared selective since not all components in 
saliva bind to the apatite surface (Hay, 1967). Different salivary components have 
different affinities for hydroxyapatite (Johnsson et al., 1993). The salivary proteins 
adsorbed on the enamel surface may expose more hydrophilic ions or groups 
compared to the bare enamel surface, which resulted in a more hydrophilic surface 
of saliva-coated enamel.   
Up to now, there are still controversial results about influences of saliva 
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coating on the zeta potential of enamel surfaces in the literatures. The majority of 
proteins in the acquired pellicle were negatively charged (Yao et al., 2001). The 
micelle-like structures of saliva showed an overall net surface charge of about -9 
mV at physiological pH (Rykke et al., 1996). As the saliva-coated enamel surface, 
which is mainly covered by salivary proteins, may carry less negative charged 
ions compared to the bare enamel surface, it renders the zeta potential less 
negative in this study. This was in agreement with the previous results (Young et 
al, 1997), indicating that enamel had an overall surface potential of -16 to -30 mV 
depending on the buffer content. Incubation in human whole saliva rendered 
enamel surfaces with a less negative zeta potential in the range of -10 to -14 mV 
(Young et al., 1997). However, saliva coating has been found to cause enamel 
surface more negative (Weerkamp et al., 1988). Saliva coating resulted in more 
negative zeta potential in two buffer systems (potassium chloride and potassium 
phosphate) (Weerkamp et al., 1988). The different effect of saliva coating on the 
zeta potential may be ascribed to the different ionic strength and electrolyte 
composition in the buffer systems (Weerkamp et al., 1988). The differences of 
orientation and conformation of salivary proteins adsorbed on enamel surfaces in 
the different suspending buffers with different ionic strength and salt types, may 
also affect the ionization of salivary proteins, which may produce these seemingly 
conflicting effects (Guerrero et al., 2004).  
 
5.2 PHYSICOCHEMICAL PROPERTIES OF ORAL PIONEER STRAINS 
5.2.1 Hydrophobicity of oral pioneer strains 
    Since the stage of growth and the composition of the growth media may 
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influence bacterial hydrophobicity, all the bacteria were grown in THB broth and 
harvested during exponential phase to keep consistency among experiments. The 
three oral pioneer strains demonstrated different physicochemical properties. S. 
sanguis was more hydrophobic than S. oralis and S. mitis. These results partially 
agreed with those published (Grivet et al., 2000; Sardin et al., 2004). In the 
literature, S. mitis was hydrophilic as characterized by MATH (microbial adhesion 
to hydrocarbons) (Sardin et al., 2004; Grivet et al., 2000). Currently, there are 
several methods to measure the microbial cell surface hydrophobicity, including 
MATH, CAM on bacterial layers, SAT and HIC. Experimental studies of bacterial 
hydrophobicity have been bedeviled by irreproducible and contradictory data due 
to inconsistencies between different techniques for measurement of microbial 
hydrophobicity (Dillon et al., 1986). These discrepancies are due in part to the 
ways in which the different techniques are affected by polar groups, particularly 
ionic groups present at or near the cell surface (Hancock, 1991).  
In this study, we used CAM to evaluate bacterial hydrophobicity. CAM has 
been proven to be an important technique for measurement of cell surface 
hydrophobicity and may indeed provide highly relevant data for its quantization 
(Rosenberg and Doyle, 1990). CAM is often used to measure the hydrophobicity 
of solid surfaces. It has been employed to evaluate the microbial hydrophobicity 
by depositing the cells on the membrane filter to form a uniform surface 
(Rosenberg and Doyle, 1990). Bacterial hydrophobicity based on CAM can be 
used to predict bacterial adhesion to different substratum surfaces by 
thermodynamic approaches (van der Mei et al., 1991). MATH is based on the 
partitioning of bacterial cells having hydrophobic surface characteristics at the 
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interface of a biphasic hydrocarbon-aqueous system after brief mixing. 
Electrostatic interaction was found to be involved in MATH test and influence the 
bacterial hydrophobicity result (Geertsema-Dornbusch et al., 1993). Four different 
tests including MATH, HIC, SAT and CAM have been applied on a variety of oral 
streptococci. A lack of correlation was found between any two test results based 
on the low correlation coefficient (van der Mei et al, 1987). More research is 
therefore needed to unravel the mechanisms by which these techniques function. 
Hydrophobic surfaces or domains on surface could be produced by a range of 
bacterial surface components. Cells with relatively high N/C ratios tended to be 
more hydrophobic, which probably reflected the role of protein in bacterial 
hydrophobicity (Ofek and Doyle, 1994). S. sanguis ATCC 10556 was found to 
contain multiple surface proteins including CshA protein, lectins, Sortase A, Ssp 
B-like, an unknown adhesin binding to fibrinogen, GAPDHs, 
membrane-associated endopeptidase and arylaminopeptidase (Murry et al., 1982; 
Ruhl et al., 2004; Yamaguchi et al., 2006; Hamada et al., 2004; Lee et al., 2001; 
Maeda et al., 2004; Cowman and Baron, 1991). More surface proteins found on S. 
sanguis ATCC 10556 may lead to its higher hydrophobicity than the other two 
strains, which agreed with other studies (Handley et al., 1990; Ofek and Doyle, 
1994). Sortase A (SrtA) (Yamaguchi et al., 2006) and CshA (McNab et al., 1995) 
may contribute to the hydrophobicity of S. sanguis ATCC 10556 and be involved 
in bacterial adhesion. CshA polypeptide, which was one of the determinants of 
hydrophobicity, was found to be the functional and structural components of 
fibrils on the surfaces of S. oralis ATCC 35037 (Elloitt et al., 2003). Currently, the 
surface structures of S. mitis ATCC 49456 is unknown. Further research linking 
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bacterial surface structures to the physicochemical properties are needed. 
 
5.2.1.1 Membrane technique in bacterial contact angle measurements 
The contact angle of bacterial cells can be measured by depositing the 
bacterial lawn on membrane filters (Busscher et al., 1984; van der Mei et al., 
1987). The bacterial lawns can be prepared by depositing bacterial cells on a 
cellulose triacetate filter by applying negative pressure. During this procedure, 
bound water on bacterial cells can be dried and bacterial cells will not be easily 
detached in the liquid phase. 
The contact angle behaviour was found to be different for polar and nonpolar 
liquids after the drop was positioned on the bacterial lawns. For the nonpolar 
liquids, contact angle stayed constant with time under the monitoring period. 
However, the contact angle changed with time for polar liquids. It was thought 
that there were three typical stages in the curve of contact angle vs. time for the 
polar liquids (Sharma and Rao, 2002). In the first stage, the contact angle dropped 
for approximately 0.1-0.3 second. This happened because the drop spread on the 
surface. Then, the drop came to the equilibrium stage where there was no change 
in the drop contact angle, volume, height or base diameter. The equilibrium stage 
lasted for approximately 1-3 seconds (Sharma and Rao, 2002).  The contact 
angle began decreasing in the third stage since the polar liquid wetted the bacterial 
lawns and absorption of the liquid happened. This stage was characterized by a 
sharp decrease of both volume and height (Sharma and Rao, 2002). Only 
measuring the bacterial contact angle during the equilibrium stage gave us the 
consistent data. In this study, we found that the equilibrium stage began after 
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approximately 0.3 second and last 3 seconds. We measured the bacterial contact 
angle during the equilibrium stage.  
 
5.2.2 Zeta potential of oral pioneer strains 
 Zeta potential of S. sanguis was close to zero in 0.1 M MES-NaOH buffer 
(25 ºC, pH 7.0) with the electric field set to 22.9 V/cm in our study. Our 
experiments were optimized to get values of zeta potentials at this field of 22.9 
V/cm. Zeta potential of this strain was -24.4 mV in 0.05 mol/L Tris-HCl buffer 
(pH=7.2) with the electric field set to 10 V/cm, which was less negative than S. 
mutans Ingbritt and S. mutans OMZ 176 (Satou J et al., 1988). We used the same 
buffer (0.1 M MES-NaOH buffer) in electrophoretic mobility measurements and 
the different bacterial adhesion assays to keep the conditions consistent. Further, 
in the pilot studies, it was found that this buffer did not cause bacteria to be 
dislodged from AFM tips. Although the absolute zeta potential of the same strain 
(S. sanguis ATCC 10556) was different in these two studies, both studies showed 
that S. sanguis was less negative than other streptococcal species (Satou J et al., 
1988). Furthermore, S. sanguis also demonstrated relatively higher hydrophobicity 
than S. mutans with less negative zeta potential, which reflected the distinct 
surface structures on S. sanguis (Satou J et al., 1988). The larger amounts of 
surface proteins on S. sanguis relative to other bacterial species may account for 
these differences (Table 2.1). S. sanguis with higher hydrophobicity and less 
negative zeta potential also suggests its ecological significance as an important 
pioneer strain to teeth surfaces in oral cavity. Zeta potential reflects the charge on 
the colloidal surface. The surface charge of bacteria varied according to bacterial 
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strains and was influenced by the pH, ionic strength of the suspending medium 
(Walker et al., 2005), different phases of bacterial growth (Walker et al., 2005), the 
bacterial surface structure (Hill, 2000) and the bacterial growth medium (Walker, 
2005). The difference of absolute values of zeta potentials measured in the two 
studies may be the result of the different pH and ionic strength of the suspending 
buffer as well as the strengths of the various electric fields used to study them. S. 
oralis and S. mitis demonstrated lower zeta potentials (more negative) than S. 
sanguis in this study. Low zeta potentials may reflect high acidities of the bacterial 
surfaces. A surface with a higher content of teichoic acid would be expected to 
have a lower zeta potential (Ofek and Doyle, 1994). The discrepancy of zeta 
potentials of these three bacteria reflected the difference of bacterial cell surface 
components, which need further investigation. 
 S. sanguis has the lowest mobility with zeta potential close to zero among 
three pioneer strains and highest hydrophobicity. Our study found that the 
hydrophobicity of bacterial cells increased when the net zeta potential was close to 
zero, which was in accordance with Merritt and An (2000). Bacteria with high 
surface charge (more negative zeta potential) always show hydrophilic character 
(Merritt and An, 2000; Satou J, 1988), indicating that hydrophobic bacteria may 
show less negative zeta potential. However, a hydrophobic bacterium may still 
carry quite a high surface charge (more negative zeta potential) (Hogt et al., 1985). 
All relationships between hydrophobicity and surface charges were built on the 
basis of the direct experimental observations rather than the mechanisms. The true 
mechanisms underlying these discrepancies have not been known. The distribution 
and localization of surface structures and components which were functioning 
  130
during the measurements of hydrophobicity is not clear (Hogt et al., 1985). As 
bacterial surface properties, including hydrophobicity and surface charges, depend 
on the complex surface compositions and structures, the mechanisms of the 
relationships between the hydrophobicity and zeta potential need be investigated 
further.  
 
5.3 MAIN FACTORS AFFECTING BACTERIAL ADHESION 
   The effects of “heating”, “bacteria” and “saliva coating” on bacterial adhesion 
have been analyzed. 
 
5.3.1 Effect of heating on bacterial adhesion 
5.3.1.1 Heating effect on bacterial adhesion in three evaluation methods 
There is a clear trend that heating reduces the adhesion of S. oralis and S. 
mitis but not S. sanguis. In the adhesion assay, the adhesion percentage of S. mitis 
to enamel decreased after thermal treatment, although not reaching the statistical 
significance. Heating decreased the adhesion of S. oralis to enamel significantly. 
Even after saliva coating, the adhesion of these two strains significantly decreased 
after heating. However, thermal treatments did not influence the adhesion of S. 
sanguis (Table 4.16). Currently, this is the first time to report the heating effect on 
enamel in relation to the oral bacterial adhesion. In the CLSM study, we found 
that the quantitative results of adhesion observed by CLSM were basically in 
agreement with the results of the adhesion assay except for adhesion of S. mitis. 
Heating decreased the adhesion of S. mitis to the uncoated enamel under CLSM 
but not the saliva-coated enamel. Nevertheless, the decreasing trends of adhesion 
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of S. mitis to the uncoated enamel (without Bonferroni correction) after heating 
are the same in both studies. The discrepancies of adhesion results may be due to 
the sample size, different interaction times (2h in adhesion assay and 1h in CLSM), 
different enamel surfaces (enamel particles in adhesion assay and enamel slabs in 
CLSM) and different enamel components (surface and subsurface enamel in the 
adhesion assay and only surface enamel in CLSM). From AFM measurements, the 
perpendicular adhesion force of S. mitis decreased (approximately 76%) 
significantly after enamel was heated. The adhesion force of S. oralis decreased 
(approximately 62%) after enamel was heated, although not reaching the statistical 
significance. The decreased adhesion forces meant that these two bacteria were 
easier to separate from the heated enamel surface.  
The synergistic effect of increased hydrophobicity and more negative zeta 
potential of heated enamel may account for the decreased bacterial adhesion 
number and adhesion force of S. oralis and S. mitis to enamel surfaces (Uyen et al., 
1989; Everaert et al., 1999; Pan et al., 2006; Sheng et al., 2007; Buergers et al., 
2009). Substrates with higher hydrophobicity (lower surface free energy) have 
been found to decrease the adhesion of oral streptococci including S. sanguis, S. 
oralis, S. gordonii and S. mutans (Quirynen and Bollen, 1995; Buergers et al., 
2009). Weerkamp et al. (1988) suggested that treatments of the tooth surface 
leading to more negative surface charge may be effective in preventing bacterial 
adhesion and in controlling dental plaque. Since the zeta potential of S. sanguis 
was close to zero, the effect of more negative zeta potential of heated enamel on 
its adhesion may be negligible. This phenomenon substantiates that the 
physicochemical properties of both the substrata and the bacterial strains may 
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influence bacterial adhesion. The distinct physicochemical properties (with higher 
hydrophobicity and close to zero for zeta potential) and surface structures of S. 
sanguis ATCC 10556 may synergistically lead to its unique adhesion behaviours 
to main effects. In this study, specific force (hydrogen bonds) may be relatively 
small when compared to the total adhesion force due to the short duration of 
interaction (0.1 seconds) between the bacteria on the probe and the enamel. So it 
is reasonable to speculate that the distinct physicochemical properties (high 
hydrophobicity and zeta potential being close to zero) which are relevant to the 
non-specific interactions may be the major cause to determine the unique adhesion 
behaviors of S. sanguis to the heating effect. Surfaces structures of the three 
bacterial strains investigated in our study have not been fully elucidated, 
especially those of S. oralis 35037 and S. mitis 49456. Further research linking 
surface structure to adhesion is needed.  
 
5.3.1.2 Influence of saliva coating on heating effect 
We found the saliva coating did not mask the influence of heated enamel on 
the adhesion of S. oralis and S. mitis. Saliva-coated heated enamel was still more 
hydrophobic than those saliva–coated unheated enamel. The zeta potential of 
enamel was more negative after thermal treatment, even after saliva coating. 
Despite the presence of the BSA coating, Pratt et al. (1987) found that there was 
still a linear relation between the number of oral streptococci adhering and the 
interfacial free energy of adhesion which was calculated on the basis of the 
surface free energy of the uncoated substrata. They concluded that the bare 
substratum still influenced bacterial adhesion in spite of the marked influence of a 
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BSA coating (Pratt et al., 1987). Physicochemical properties of dental materials 
were masked by the pellicle to a certain extent, but surface-determined long-range 
interactions might still influence bacterial adhesion to the pellicle layer (Hannig 
and Hannig, 2009). 
 
5.3.1.3 Effect of different heating temperatures on bacterial adhesion 
Enamel heated to 200 ºC was more hydrophobic when compared to unheated 
enamel and enamel heated to 100 ºC. Zeta potential of enamel heated to 100 and 
200 ºC was not significantly different. It was found that “bacterial adhesion 
percentage”, “ratios of area occupied by bacteria” and “adhesion force” of each 
bacterial strain were insignificantly different in this study whether enamel was 
heated to 100 or 200 ºC. Although the hydrophobicity of enamel heated to 100 and 
200 ºC was significantly different without saliva coating, it seemed that the 
difference of hydrophobicity did not significantly influence bacterial adhesion to 
enamel samples heated to 100 and 200 ºC, possibly due to that electrostatic 
interaction may modulate bacterial adhesion. The negativity of hydroxyapatite 
surface could promote the apatite formation and affect the biological cell adhesion 
(Yamashita et al., 1996; Kobayashi et al., 2001; Ohgaki et al., 2001). Therefore, 
proper selection of heating temperature may be clinically critical.  
In summary, the results showed that the thermal treatment may decrease 
some oral bacterial adhesion number and adhesin force, even after saliva coating, 




5.3.2 Effect of “bacteria” on bacterial adhesion 
In the adhesion assay, pairwise comparisons after Bonferroni correction 
showed that there was no statistically significant difference between any two 
bacterial adhesions to enamel surfaces (Table 4.10b), indicating “bacteria” as a 
main factor did not significantly influence adhesion to enamel surfaces.  
In the CLSM study, S. sanguis showed higher adherent number than S. oralis 
and S. mitis on the enamel heated to 100 ºC. The adherent numbers of three 
bacteria were not significantly different on the saliva-coated unheated enamel 
(Table 4.12b). S. sanguis was more hydrophobic than the other two strains. The 
electrophoretic mobility of S. sanguis was low and zeta potential was close to zero, 
whereas those of S. mitis and S. oralis were more negative than S. sanguis. 
Generally, bacteria with hydrophobic characteristics prefer hydrophobic surfaces 
(Hogt et al., 1983). Enamel was more hydrophobic and showed more negative zeta 
potential after heating. Higher hydrophobicity and lower negativity of zeta 
potential of S. sanguis may explain the higher adherent number of S. sanguis than 
S. oralis and S. mitis to heated enamel (100 ºC) in CLSM study (Liu et al., 2004; 
Tsuneda et al., 2004; Kubota et al., 2008). The trend of higher adhesion of S. 
sanguis than the other two strains to heated enamel (200 ºC) can also be found 
although the difference did not reach a statistically significant level, which was 
partially due to the relatively small sample size. 
 From the AFM force curve analysis, the adhesion force of S. oralis was greater 
than that of S. mitis when enamel was heated to 100 ºC. After saliva coating, the 
adhesion force of S. sanguis was greater than S. oralis and S. mitis when enamel 
was heated to 200 ºC, respectively. It is believed that some proteins like adhesins 
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found in the cell wall can bind to specific receptor molecules in order to colonize 
and resist physical removal (Whittaker et al., 1996). One possible explanation of 
the higher adhesion force of S. oralis compared to S. mitis may be due to the 
involvement of specific interaction between S. oralis and local surfaces (Elliott et 
al., 2003). This trend of higher adhesion force of S. oralis than S. mitis can also be 
found on the heated enamel (200 ºC) (Table 9.8 in appendix A9). The results that 
the adhesion force of S. sanguis was greater than S. oralis and S. mitis when 
enamel was heated to 200 ºC and then coated with saliva may be due to its higher 
hydrophobicity and the fact that its zeta potential was close to zero. 
  Before Bonferroni correction, there was a trend that the adhesion (%) and 
adherent number of S. sanguis in CLSM were more than those of S. mitis to heated 
enamel (100 ºC) with and without saliva coating. Sardin et al. (2004) found the 
adherent number of S. sanguis was more than those of S. mitis and S. oralis to 
unheated enamel surfaces due to its higher hydrophobicity.  
 The adhesion forces of S. sanguis, S. mitis and S. oralis reported by Mei et al 
(2009b and c) were not exactly the same as those of our studies although the 
adhesion forces were all in nN scale. These were partially due to the different 
immobilization methods, substrata surfaces and suspending buffer.  Mei et al 
used poly-L-lysine to coat the tipless cantilever and covered this coated cantilever 
with bacterial cells, while we immobilized glutaraldehyde-treated bacterial cells to 
the PEI-coated tip. Glutaraldehyde cross-links proteins and amino-acids in the 
peptidoglycan layer to increase the structural integrity of bacteria. The stainless 
steel used for orthodontics brackets and ground bovine enamel slabs were the 
substrata surfaces used in their studies, whereas natural human enamel surfaces 
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were utilized in our study. Furthermore, the value of the maximal adhesion force 
was related to the parameters used to measure the interaction forces, such as the 
loading force, pH, ionic strength, surface delay time etc (Xu et al., 2005; Mei et al., 
2009c). The different parameters in our study and their study may also contribute 
to the discrepancy the adhesion forces. 
In summary, we used the three different methods to evaluate the “bacterial” 
effect on bacterial adhesion. Three evaluation methods of bacterial adhesion 
quantified different adhesion phenomenon. AFM force measurements directly 
revealed the vertical interactions when bacteria approached and retracted from the 
enamel surface over a period of around 2 seconds, including non-specific forces 
(Lifshitz van der Waals and electrostatic forces) and specific forces such as 
hydrogen bonds (Mei et al., 2009c). After contact with enamel surface, retraction 
of the AFM tip was delayed by 0.1 seconds to allow for a short duration of 
interaction. Both the non-specific and specific forces contributed to the adhesion 
force measured. The transition from reversible to more irreversible adhesion of 
oral streptococci to saliva-coated enamel is mediated by the progressive 
involvement of hydrogen bonds (Mei et al., 2009c). Although we could not 
determine whether the adhesion forces (Fadh) were mostly from specific or 
non-specific forces in this study, it is reasonable to speculate that the specific 
force is relatively small when compared to the total adhesion force，due to the 
short duration of interaction (0.1 seconds) between the bacteria on the probe and 
the enamel. CLSM images demonstrated bacterial adhesion on enamel slabs after 
a relative longer time (1 hour). Similarly, adhesion assay was the bacterial 
adhesion to enamel particles which incubated in bacterial suspension for 2 hours. 
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The bacterial surface is heterogeneous, three-dimensional structure with a 
complex chemical composition. It is likely that different surface polymers of 
bacteria are active with different substratum chemistry and medium composition 
(Fletcher and Marshall, 1982; Paul and Jeffrey, 1985). Furthermore, it is possible 
that different functional groups on a given appendage may function in adhesion at 
different time periods (Fletcher, 1996). These may explain the results that the 
bacterial cells demonstrated different adhesion ability in three bacterial adhesion 
experiments (adhesion assay, CLSM and AFM). Another explanation for the 
difference between adhesion number and adhesion force may be the lateral forces 
involved in the adhesion assay and CLSM evaluation (Marcotte and Tabrizian, 
2008). Bacterial desorption took place as a spontaneous process under the 
prevailing shear conditions while the contact between bacteria and surface 
substratum was forced to break by application of the external force in AFM 
(Vadillo-Rodriguez et al, 2004a). The number of bacterial cells attached on the tip 
of AFM may be a confounding factor in AFM force measurements. Although the 
identical bacterial immobilization method was followed according to Razatos et al 
(1998a), the number of bacterial cells on the tip which interacted with enamel was 
uncertain and may confound the magnitude of the measured force. In addition to 
the different physicochemical properties, the specific surface structures of bacteria 
may also be involved in bacterial adhesion. Further research linking surface 
structures to bacterial adhesion, including how fibrils and fimbriae participate in 




5.3.3 Effect of “saliva” on bacterial adhesion 
In the adhesion assay, saliva coating increased the adhesion of S. mitis to 
unheated enamel, which was supported by other reports (Hillman et al., 1970; 
Liljemark and Bloomquist, 1996; Gong et al., 2000). Before Bonferroni correction, 
there was a trend that saliva coating increased the adhesion of S. mitis to the 
heated enamel (100 ºC) and the adhesion of S. oralis to unheated enamel as well 
as that heated to 100 ºC. Saliva also increased the adhesion of S. mitis and S. 
oralis to enamel heated to 200 ºC although the trends were statistically 
insignificant, partially because of the small sample size (N=5).  
The current reports of the influence of saliva on bacterial adhesion were not 
consistent (Eifert et al., 1984; Weerkamp et al., 1988; Pratt-Terpstra et al., 1989). 
Generally, saliva coating promoted bacterial adherence (Hillman et al., 1970; 
Liljemark and Bloomquist, 1996; Nikawa et al., 1998), which is supported by this 
study. Saliva pellicle promoted the adhesion of S. mutans to hydroxyapatite beads 
(Nikawa et al., 1998). The salivary film enhanced adhesion of S. sanguis by 
specific and nonspecific mechanism (Gong et al, 2000). The increase of A. 
viscosus after saliva coating demonstrated the apparent strain-specific kinetics of 
adhesion (Weerkamp et al., 1988). Saliva coating increased the adhesion of A. 
viscosus to enamel surfaces in two kinds of buffers (potassium phosphate and 
potassium chloride) in an end-over-end apparatus with shear forces. However, 
adherent number of A. viscosus increased with the extended incubation time in 
potassium chloride buffer although the adherent number remained with the 
extended incubation time in potassium phosphate buffer. In addition, saliva 
decreased the adhesion of A. viscosus to dentin surfaces after incubation for 0.5 h 
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although saliva increased adhesion after 24h incubation. Some researchers found 
that saliva decreased the oral bacterial adhesion including S. mutans NS, S. 
sanguis 12 and S. mitis BMS (Rolla et al., 1977; Pratt-Terpstra et al., 1989). 
Pratt-Terpstra et al. (1989) found the strong decrease in streptococcal adhesion to 
all substrata (glass, enamel, cellulose acetate and Teflon) covered with saliva in a 
flow-cell system treated with shear force. S. salivarius was strongly inhibited from 
adherence to the saliva-coated enamel powder, whereas the adherence of S. 
sanguis strains was greatly enhanced, indicating the strain-specificity involved in 
adherence to the salivary pellicle (Hillman et al., 1970). This discrepancy may be 
attributed to more “adhesins” that are expressed on the surface of S. sanguis and 
the presence of more specific interactions between S. sanguis and saliva-coated 
enamel (Table 2.1). S. gordonii DL1 (formerly named S. sanguis), a pioneer strain 
of the Mitis group, demonstrated higher binding ability to saliva-coated brackets 
(stainless-steel metal, polycrystalline alumina, polycarbonate plastic and 
monocrystalline sapphire) than uncoated surfaces after incubation of 3h or 6h 
(Ahn et al., 2002). On the contrary, saliva coating decreased the adhesion of S. 
mutans KPSK-2 to brackets. These differences were due to the fact that S. 
gordonii can interact in a specific manner with several salivary proteins including 
PRPs, α-amalyse, and MG2. However, the adhesion of S. mutans was not 
mediated by any salivary protein (Ahn et al., 2002). Specific ionic composition of 
the medium (Eifert et al., 1984), surface charge distribution (Weerkamp et al., 
1988), presence of specific receptor molecules (Gibbon, 1984), surface structure 
(Busscher and Weerkamp, 1987), availability of hydrophobic interaction sites 
(Doyle et al., 1982) and detachment force (Pratt-Terpstra et al., 1989) may all 
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affect bacterial adhesion.  
 Our study found that saliva coating made enamel surfaces more hydrophilic 
and carried less negative zeta potential, which agreed with other studies 
(Weerkamp et al., 1988; Young et al., 1997; Hahnel et al., 2009). Saliva coating 
gave rise to higher SFE, less negative charges and specific salivary receptors. 
These may explain the increased adhesion number of S. mitis to unheated enamel 
and the trend of increased adhesion number of S. oralis to unheated enamel and 
enamel heated to 100 ºC before Bonferroni correction (Weerkamp et al., 1988; 
Uyen et al., 1989, Gong et al., 2000; Kubota et al., 2008; Buergers et al., 2009; 
Hahnel et al., 2009). As the zeta potential of S. sanguis was close to zero, the 
effect of saliva coating on its adhesion to enamel was relatively insignificant. 
Another possible explanation was that the specific interactions might dominate the 
adhesion of S. sanguis ATCC 10556 so that the changes of physicochemical 
properties of enamel alone had no significant additional effect on its adhesion.  
In the AFM study, saliva did not influence the adhesion forces of three 
bacteria to enamel, which agreed with our CLSM study. The sample size and 
Bonferroni correction may lead to statistically insignificant effect of saliva coating 
on bacterial adhesion in CLSM and AFM study. However, before Bonferroni 
correction, there was a trend that saliva decreased the adhesion force of S. mitis to 
unheated enamel, which was in accordance with other studies (van Hoogmoed et 
al. 2006; Mei et al., 2009a and b). Before Bonferroni correction, there were other 
trends that saliva decreased the adhesion force of S. oralis to enamel heated to 100 
and 200 ºC and increased the adhesion force of S. sanguis to enamel heated to 100 
ºC. The decreasing trends of adhesion force of S. mitis and S. oralis after saliva 
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coating may be due to salivary lubrication mechanisms (Berg et al., 2003). As 
saliva lubricates and limits the direct contact of the AFM tip with asperities on the 
surface, the forces measured may thus be reduced in AFM force measurements 
(Berg et al., 2003). It was found that the presence of saliva between two surfaces 
reduced the coefficient of friction. The reduction of friction may explain the 
decreased normal and lateral forces after saliva coating in forces measurements 
(Berg et al., 2003). Mei et al (2009a) found that saliva coating decreased the 
adhesion force of S. sanguis to bovine enamel surfaces, which was not supported 
by our study. Before Bonferroni correction, there was the trend that saliva 
increased the adhesion force of S. sanguis to natural enamel heated to 100 ºC in 
our study. This discrepancy may be due to the use of bovine enamel in that study, 
which has many differences to human enamel (Tanaka et al., 2008), as well as the 
use of a different buffer system. There is evidence that bovine enamel is more 
radiodense than human enamel (Tanaka et al., 2008). Hence, it is logical to 
speculate that bovine enamel contains less organic groups and leads to the higher 
mineralization. The different compositions between human and bovine enamel 
may give rise to different physicochemical properties and thus influenced bacterial 
adhesion forces in that study. That study used reconstituted saliva as suspending 
buffer, whereas MES-NaOH buffer was used in our study. MES-NaOH buffer 
(2-N-Morpholinoethanesulfonic acid-NaOH buffer), is composed of a weak acid 
and strong alkali. The buffer is prepared by adding 12.5 ml 1 M NaOH to 25 ml 1 
M MES, and then adding deionized distilled water to 250 ml (pH=7.0). The 
different ionic strength and ionic composition may influence the adhesion force 
measured and produce seemingly conflicting effects (Xu et al., 2005).  
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 The trend of increased adhesion force of S. sanguis after saliva coating may 
be due to S. sanguis which carried multiple surfaces proteins and can interact in a 
specific manner with several salivary proteins (Table 2.1). These evidence shows 
that the magnititude of adhesion forces may be influenced by other factors 
including friction coefficient in nanoscale force measurements. In contrast, 
adhesion numbers may be mainly associated to the physicochemical properties of 
bacteria and substrata surfaces including hydrophobicity, SFE and zeta potential 
(Katsikogianni and Missirlis, 2004). In other words, adhesion forces demonstrate 
the nano phenomena of bacterial adhesion in contrast to the adhesion number 
reflecting the macro phenomena of bacterial adhesion.  
Logically, if adhesion forces were to increase after a modality of treatment, 
we would expect the number of bacteria adhering to the same surface also 
proportionally increase. However, the trends did not appear consistently through 
the series of experiments. In this part, saliva coating increased the adhesion of S. 
mitis on the unheated enamel, while there was a trend that saliva decreased the 
vertical adhesion force of S. mitis to unheated enamel. This conflict between 
bacterial adhesion (%) and adhesion force did not support the previous trend that 
correlated high perpendicular adhesion force to increased bacterial adhesion 
number (Bowen et al., 2002; Sheng et al., 2007). Some researchers also found 
inverse trends between bacterial adhesion force and adhesion number 
(Vadillo-Rodriguez et al., 2004a, Cao et al, 2006). Although the perpendicular 
adhesion force of E. coli to silicone was greater than that to hyaluronan and 
octadecyltrichlorosilane (OTS) modified silicone, the adhesion number of E. coli 
to silicone was less than that to hyaluronan/OTS silicone (Cao et al., 2006). The 
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authors did not provide explanations on this observed phenomenon. Although the 
adhesion force measured by AFM upon retraction could be a proxy of the bacterial 
deposition in the parallel-plate flow chamber, no relation was found in another 
study, between bacterial desorption and the perpendicular adhesion force 
(Vadillo-Rodriguez et al., 2004a). As aforementioned, desorption happened as a 
spontaneous process under the prevailing shear conditions, whereas the contact 
between bacterium and substratum was forced to rupture by the application of 
predetermined external force (Vadillo-Rodriguez et al., 2004a). That is the 
difference of AFM force measurement and naturally occurring detachment force. 
Other researchers thought that the immobility of microorganisms which had 
adhered on surface was not related to perpendicular interactions expressed as Fadh, 
but depended on lateral interaction originating from chemical and structural 
heterogeneities (Busscher et al., 1998; Boyd and Verran, 2002; Sénéchal et al., 
2004). The perpendicular adhesion forces between bacterial cells and the substrate, 
which is measured in this study, maybe only applicable to describe the first phase 
of adhesion in which bacteria are brought to close contact with a surface. The 
forces involved in bacterial adhesion would include both long- and short-range 
interaction forces (van der Waals forces, electrostatic force, chemical bonds and 
hydrophobic interactions). Once bacterial cells and substratum surface is close 
enough, cell-surface binding is established through molecular and cellular 
interactions resulting from cell surface appendages and specific bindings. The 
specific binding of a bacterium to a surface can occur when the distance is less 
than 5 nm and without cell body contact (Gottenbos et al., 2002; Mei et al., 2009b 
and c). Bacterial adhesion is further strengthened by production of extracellular 
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substances. These surface structures and extracellular products serve to reduce 
lateral mobility of adhered cells by increasing the strength of lateral interactions 
between bacterial cells and a surface. It has been found that cell surface proteins 
can be released by the bacterial cells into solution and be adsorbed onto the 
surface to promote initial adhesion (Dufrene et al., 1996a). Surface proteins can 
also be secreted during the prolonged contact to strengthen adhesion. After A. 
brasilense was in contact with substrate surface (polystyrene) for only 2 h, surface 
composition of the substrata was different to that of the bare surfaces. This had 
reflected the presence of biochemical compounds on surfaces, which was 
produced by A. brasilense (Dufrene et al., 1996b). Bacterial adhesion number 
evaluated by different adhesion methods (adhesion assay and CLSM) should be 
the results from multiple interaction forces including the shear forces during 
vortex and washing off loosely bound bacteria from the surface, not merely from 
the perpendicular adhesion force measured in this study (Sénéchal et al., 2004). 
Hence, in addition to the vertical adhesion force, other forces may be involved in 
the quantification of bacterial adhesion in adhesion assay and CLSM observation.  
In addition to the different interaction times between bacteria and substrata 
among the three evaluation methods as aforementioned, the substrata used were 
not identical in the three evaluation methods. In the adhesion assay, irregular 
enamel particles, both the surface enamel and subsurface enamel, were used as 
substrata for bacterial adhesion. The total enamel particles were randomly allotted 
to different experimental groups, so as not to bias the results of adhesion assay. 
However, the enamel particles used in the adhesion assay and the natural enamel 
surfaces used in CLSM observation and AFM force measurements are different 
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and may partially contribute to the inconsistent bacterial adhesion results in these 
three evaluation methods. The surface enamel is morphologically and structurally 
different from the subsurface enamel. The subsurface enamel is rich with prisms, 
less mineralized and contains less fluoride than surface enamel (Hadad et al., 
2006). These discrepancies may lead to the different physiochemical proprieties of 
surface and subsurface enamel, such as hydrophobicity, zeta potential and surface 
free energy, which may further influence bacterial adhesion. It had been found that 
the SFE decreased with increasing fluoride content of the surface (de Jong et al., 
1984). The reduced SFE indicated lower bacterial adhesion (de Jong et al., 1984). 
On the other hands, the outermost layer enamel was used for evaluation of 
bacterial adhesion in CLSM observation and AFM force curve measurements of 
this study. Hence, the differences of substrata and interaction time may also 
partially contribute to the inconsistent bacterial adhesion results in these three 
evaluation methods.  
In summary, the different interaction time, different substrata, and different 
factors which may influence vertical adhesion force and adhesion number may 
explain the discrepancy of bacterial adhesion results in three methods. 
 
5.4 POTENTIAL LIMITATIONS OF THE STUDY  
5.4.1 Tooth samples 
5.4.1.1 Anterior teeth 
In order to measure the interaction of oral bacterial to the natural unaltered 
human enamel surfaces, anterior teeth were selected to obtain flat enamel surfaces. 
Other researchers had reported the use of the AFM tip attached by enamel particle 
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to probe the oral bacterial surface (van Hoogmoed et al., 2006). The enamel 
particles had different physicochemical properties (shapes, diameters and 
roughness) compared to the natural surfaces. On the other hand, the use of the 
natural enamel as a substratum produced some problems in our study. We had to 
select the anterior teeth as flat as possible for CAM, CLSM observation and AFM 
force measurements. The anterior teeth have been stored in 1% thymol solution 
for half to one year, which may contribute to a certain amount of variations in the 
measurement. There is no report about the effect of 1% thymol solution on the 
physicochemical properties of enamel surface. However, all extracted teeth were 
stored in thymol solution with the same concentration and similar storage time. 
The overall effect of this systemic error may be negligible.   
In adhesion assay, since the enamel particles with irregular shapes were 
randomly allotted to the different groups, the systemic error would be equally 
applied to all groups and comparisons between enamel groups with or without 
heating/saliva may remain valid. 
 
5.4.1.2 Sample sizes 
In both CLSM and AFM studies, three independent variables with 18 
experimental groups (3 bacterial strains, unheated and heated to 100 and 200 ºC, 
and uncoated and saliva-coated enamel) were evaluated regarding bacterial 
adhesion. More than 100 anterior teeth were cut to get natural and flat enamel 
slabs. Although we have collected the anterior teeth as much as we could, only 
three enamel slabs were allotted to each group (2×18×3=108). Three fields 
selected on each of three enamel slabs were observed using CLSM. Five locations 
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with ten force curve at each location on each of three enamel slabs were measured 
using AFM. In the further study, the sample size (N=3) need to be increased.  
 
5.4.2 Thermal treatments 
   In this study, we tried to establish the proper thermal treatment that changed 
the physicochemical properties of enamel surfaces to prevent the adhesion of oral 
pioneer strains. Therefore, the photothermal effects of laser treatment on enamel 
surface may be a promising strategy in preventing the oral bacterial adhesion in 
addition to the reduction of demineralization and diffusion in enamel. Identifying 
the proper heat parameters may facilitate the clinical use of lasers in preventing 
dental caries.  
This study has characterized the physicochemical properties of heated enamel 
and evaluated the heating effect on the adhesion of oral pioneer strains. The 
current experimental results would be used to select and maximize the beneficial 
photothermal effects of laser treatment. Since laser may produce heterogeneous 
heating on the biological tissues, several groups have been working on modelling 
laser-induced temperature changes in tooth enamel (Zuerlein et al., 1999; Ana et 
al., 2008). By using these models, we would be able to correlate the heating 
temperatures with laser parameters and select the best laser treatments to achieve 
the optimal surface properties of heated enamel. However, we did not study the 
effect of laser irradiation on the physicochemical properties of enamel and 
bacterial adhesion. Laser treatment may produce photochemical, photomechanical 
and photoelectrical effects on the enamel surface besides the major effect of 
photothermal heating. Whether the effects induced by laser irradiation are the 
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same as those caused by heating alone need to be further investigated. 
Studies of the laser-induced prevention of caries have been carried out as early 
as the 1960s. Laser treatments are promising methods of caries prevention by 
reduction of demineralization (Nammour et al., 1992). Several factors, including 
wavelength, power, duration, spot size and pulse width, determine the types and 
extent of laser-tissue interactions on the target tissue. High energy deposition may 
be detrimental to the underlying tissue if these factors were not correctly selected 
(Renneboog-Squilbin et al., 1989). It is not easy to select appropriate laser 
parameters. Hence, not very many dental clinics are equipped with the lasers. This 
study has helped us understand the underlying mechanisms and the necessary 
parameters of the laser setting. That would perhaps lead to better uptake of this 
technology in dental practice as a preventive tool. Whilst the price of the laser 
equipment may be expensive now, it is reasonable to expect that the price could be 
lowered. Because of advances in electronics manufacturing technology, the cost of 
electronic products often decreases even as quality and reliability increase. Laser 
equipments will become more affordable and more popular. 
  
5.4.3 Saliva components 
The heat-induced changes of surface properties of enamel in our study may 
have influenced the bacterial attachment through the salivary protein adsorption. 
Direct measurement of the amount of adsorbed protein can be performed by 
several techniques including enzyme-linked immunosorbent assay, radiolabeling, 
ellipsometry, and total internal reflection fluorescence (TIRF) (Nakanishi et al., 
2001). Fourier transform infrared spectroscopy and circular dichroism (CD) may 
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be used to analyze the structure and conformation of adsorbed protein molecules 
(Nakanishi et al., 2001). We did not analyze the changes of protein adsorbed on 
the enamel surface in this study. Further studies to investigate the amount and 
structure of adsorbed protein on the heated enamel may provide valuable insight 
to elucidate the mechanism.  
 
5.4.4 Biofilm formation 
We found that thermal treatment influenced the adhesion of some pioneer 
strains. However, we did not observe the development of bacterial biofilm 
structures. One of the design limitations of this study is the time constraint. 
Biofilms take a much longer time to develop whereas we have measured adhesion 
forces at contact and evaluated bacterial adhesion in 1 or 2h. Any changes of the 
substratum may have an effect on the structural development of the biofilm to 
some extent (Patil and Anil, 2005). Correlations were reported between the 
roughness of the surface and thickness and maturity of the 5-day S. mutans biofim 
developed on the modified Ti surface. Bacterial biofilm developed on 
fluoride-treated Ti surface was proved to be more mature with complex 
composition and structures (Stajer et al., 2009). Amine fluoride (AmF) treatment 
has been found not only to change the physicochemical property of pellicle and 
decrease the adhesion of S. mutans in the initial step but as well as to significantly 
decrease the 16-h biofilm growth of S. mutans (Van der Mei et al., 2008). There 
was significant difference in the density and diversity of diatoms biofilm on 
fiberglass and glass surfaces although the species composition remained almost 
constant (Patil and Anil, 2005). 
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In the further study, CLSM can be employed to investigate of the hydrated 
biofilm (Davey and O'Toole G, 2000, Hall-Stoodley et al., 2004), the extracellular 
matrix (Lawrence et al., 2003, Maeyama et al., 2004) and the overall structures of 
unstained oral biofilm (Pratten et al., 2000). The use of environmental electron 
microscopy (ESEM) can eliminate the destructive preparatory procedures 
associated with traditional scanning electron microscopy and thus the loss of mass 
and shrinkage of the biological samples (Delatolla et al., 2009). Future work on 
the dental plaque may be studied on the heated enamel using in situ device in vivo 
(Shore et al., 2001) and the plaque ecology can be analyzed by CLSM or ESEM. 
In vitro model systems, including various types of chemostat (Herles et al., 1994), 
the constant depth film fermenter (Kinniment et al., 1996), and ‘artificial mouth’ 
(Tang et al., 2003) can also be used to mimic the oral environment.  
 
5.4.5 CLSM observation 
 In this study, direct microscopic observation was used to evaluate bacterial 
adhesion in addition to another adhesion assay. The selection of CLSM over SEM 
was because CLSM provides a larger field of view, more likely to be 
representative of the number of bacteria adhering than SEM that uses a very high 
magnification and a very small field of view. 
Live/Dead BacLight Bacterial Viability Kit had been shown to be an 
effective stain for mixed populations of oral microorganisms (Weiger et al., 1999). 
Bacteria with intact cell membranes, which stained fluorescent green, were 
assessed to be vital. By contrast, microorganisms with damaged cell membranes 
accumulated propidium iodide in the cell body and were stained fluorescent red. 
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Areas of bacterial colonization were clearly visible following Live/Dead staining. 
On some enamel surfaces, a small amount of low-intensity noise could be seen, 
which may be attributed to the autofluorescence of enamel and easily removed by 
background subtraction. There was evidence to show that not only vital but also 
dead bacterial cells were involved in the early colonization of tooth surfaces as the 
dead bacteria may compete with the vital ones for binding sites (Weiger et al., 
1997). The total area covered by both non-viable and viable bacteria was of 
interest.  
     During CLSM study, due to the natural undulations of enamel surface, the 
entire field of view was not in sharp focus. The out-of-focus areas may not be 
captured by the software accurately in determining the areas stained by the 
adherent bacteria. The results may therefore have been an over or under estimation 
of the real value. However, this systemic error would be equally applied to all 
fields and the comparisons made would still be valid if sample size is sufficient 
with proper random sampling. Furthermore, aggregates of bacterial cells are 
sometimes encountered and a clump with a big number of cells occupying a small 
area would have the number of bacteria underestimated. This error also occurred 
in all fields and comparisons between enamel sections may therefore remain valid. 
 
5.4.6 AFM measurements 
5.4.6.1 Immobilization methods 
During our pilot study, both positively charged poly-L-lysine and 
polyethyleneimine (PEI) were tested to immobilize bacterial cells to the AFM tip. 
We found that the attachment of bacteria to poly-L-lysine-coated tip was not 
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strong enough and bacterial cells may detach from the tip when the functionalized 
tips were rinsed several times. Glutaraldehyde-treated bacteria, however, were 
firmly attached to the PEI-coated tip. The immobilization method of mechanical 
trapping was also tried in the pilot study. The concentration of bacterial 
suspension was hard to be accurately controlled to get only one bacterial layer on 
the membrane. In some cases, there were several layers on the membrane. The 
bacterial cells of the top layers were only loosely attached to the membrane, and 
resuspended readily in the buffer. In addition, the sizes of enamel particles 
attached to the tip were consistent.  
According to the results of the pilot study, we immobilized 
glutaraldehyde-treated bacterial cells to the PEI-coated tip. Glutaraldehyde 
cross-links proteins and amino acids in the peptidoglycan layer to increase the 
structural integrity of bacteria. It has been documented that glutaraldehyde 
fixation caused Saccharomyces cerevisiae cells to become more hydrophobic 
(Bowen et al., 2001). However, Razatos et al. (1998a) found that glutaraldehyde 
treatment did not change the adhesive properties of E. coli strains, because both 
zeta potentials and contact angles before and after glutaraldehyde treatment 
remained unaffected. In our study, zeta potential and contact angle values were not 
affected by the glutaraldehyde treatment, substantiating the findings of Razatos et 
al. (1998a). Though we did not detect any differences in the physicochemical 
properties of the bacteria, it was definite that glutaraldehyde would alter the 
surface proteins by cross-linking. The different immobilization methods, including 
mechanical trapping of bacteria, physical adhesion of bacteria and glutaraldehyde 
fixation, were found to directly affect the AFM force curve measurements 
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qualitatively and quantitatively (Vadillo-Rodriguez et al., 2004b). It had shown 
that it was possible to immobilize a single viable bacterium on a tipless AFM 
cantilever and to measure the force between single cell and substratum. 
Enterococcus faecalis cells could be individually attached to the end of 
aminosilane-coated (5% 3-aminopropyltriethoxysilane) tipless cantilever (Cail and 
Hochella, 2005). Thus, the single bacterial adhesion force can be measured. This 
immobilization method should be explored in the future.  
 
5.4.6.2 Measurements of bacterial adhesion forces 
 The quantitative nature of force versus distance obtained in AFM 
measurements has been found to be very useful in the quantitative understanding 
of bacterial adhesion (Razatos et al., 1998a) due to the low variations in the 
bacterial adherent number to the tips. Although the number of bacterial cells 
interacting with enamel surfaces was unknown, the same cellular tip was used to 
probe the different enamel surfaces so that the difference of adhesion forces may 
be attributed to various substrata with diverse physicochemical properties (Ong et 
al., 1999; Sheng et al., 2007).  
Some recent reports have shown that it was possible to immobilize a single 
bacterium on a tipless AFM cantilever and to measure the force between single 
cell and substratum. The single Saccaromyces cervisiae cell attached to the silica 
sphere using chemical glue, such as polylysine or cyanoacrylate, can be glued to a 
tipless cantilever (Bowen et al., 1999a, 1999b). Enterococcus faecalis cells could 
also be individually attached to the end of aminosilane-coated (5% 
3-aminopropyltriethoxysilane) tipless cantilever (Cail and Hochella, 2005). 
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Some other groups used the micropipette techniques to measure the adhesion 
force of a single bacterial cell (Tsang et al., 2006). Optical tweezers can also be 
used to measure the adhesion force between a single bacterium and a 
protein-coated surface. A bacterium can be trapped and brought into contact with a 
10-μm diameter polystyrene microsphere coated with fibronectin using optical 
tweezers. The minimum force required to detach the cell from the bead was 
determined over a variety of fibronectin concentrations and contact times 
(Simpson et al., 2002). These new technical methods may be explored in the 
further study.  
 
5.4.6.3 Determination of the cantilever spring constant 
   One of the main limitations during force measurement is that it can be difficult 
to accurately measure the spring constant, although the AFM is a useful tool for 
studying bacterial adhesion. All quantitative force measurements require an 
accurate calculation of the cantilever’s spring constant. The easier one was 
developed by Cleveland et al. (1993), which is used by many AFM users, 
combining of the cantilever’s length and width either measured or estimated by 
the manufacturer and a user-made measurement of the cantilever’s resonant 
frequency. However, studies suggest that agreement between values supplied by 
manufacturer and the measured spring constant is poor. The reproducibility is also 
problematic with silicon nitride cantilevers. Another method is proposed by 
Burnham (2003) and used in this study. This method builds on acquiring a thermal 
power spectrum of a cantilever, obtained by collecting thermal fluctuations as a 
function of time on a cantilever hanging in the free space. Although this method is 
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very successful with silicon cantilevers over a wide range of spring constants, it is 
not very successful for silicon nitride cantilevers, which are commonly used in 
biological AFM research as we did. However, this systemic error would be equally 
applied to all force curve measurements, whether it is an over or under estimation 
of the real value of the spring constant.  
 
5.4.6.4 Modelling 
Some researchers employed two models to help explain the force 
measurements including the DLVO theory and a model accounting steric repulsion 
between the bacterial cells and substratum (Camesano and Logan, 2000). The two 
approaches were initially established for describing colloid stability (Camesano 
and Logan, 2000). Adhesion of E. coli D21f2 (a strain whose outer surface 
contains lipopolysaccharide molecules with severely truncated carbohydrate 
chains) to substrata was in agreement to the prediction of DLVO theory. However, 
the adhesion of other E. coli strains with complex surface structures cannot be 
modelled by the DLVO theory (Ong et al., 1999). The steric interactions were 
found to be more proper in explaining bacterial adhesion (Rijnaarts et al., 1995, 
1999; Jucker et al., 1998). An electrosteric model was reported to successfully 
predict the adhesion of P. putida KT244 (Camesano and Logan, 2000).  
In our study, when the AFM cellular tip approached the enamel surface, the 
nature of this repulsion upon approach curves may be produced by steric 
interaction since DLVO cannot explain the long range of the repulsion forces 
(Camesano and Logan, 2000). However, we did not develop a model in 
consideration of the heterogeneous macromolecular structures of bacterial 
  156
surfaces (Poortinga et al., 2002; Dorobantu et al., 2008), although the size of 
bacterial cells was close to that of colloidal particle. The modelling for the oral 
bacterial adhesion can be considered or modified in further studies.  
 
5.5 ISSUES TO BE CONSIDERED FOR FUTURE STUDIES 
  In this study, some issues may affect the experimental results and may be 
considered in designing the future studies. Further work needs to be done in 
investigating the effect of heat-induced melting and swelling of the organic matter 
on the overall physiochemical properties of enamel surfaces. Reconstituted saliva 
may be used as the suspending buffer, which is the clinically relevant buffer. We 
may also analyze the nature of adhesion force and measure the lateral adhesion 
forces. The adhesion assay, using vortex to remove bacteria adherent on enamel 
powders, may not be used since several factors may confound/bias the results. 
   
5.5.1 Organic matrix  
Organic compounds comprise 1% of the total mass of dental enamel (Acil et 
al., 2004). Biochemical investigation revealed 60% proteins and 40% lipids in the 
organic matrix of enamel (Odutuga and Prout, 1974). The organic matrix contains 
the proteins amelogenin, ameloblastin, and enamelin (Wang et al., 2005). 
Amelogenin is the most abundant enamel protein, comprising about 90% of the 
organic matrix of developing teeth, yet after maturation and completion of 
amelogenesis, only 1% of the initial organic matrix remains in mineralized enamel 
(Termine et al., 1980).  
After heating (a short boiling), the organic matrix proteins may be denatured 
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(Arwill et al., 1965). The denaturation of organic matrix may happen when enamel 
was boiled for 5 minutes (Arwill et al., 1965). It was suggested that the 
heat-induced melting and swelling of the organic matter might block the diffusion 
pathway and therefore explain the decreased calcium loss (Sato, 1983; Hsu et al., 
2000). The protein in enamel was found to decompose at about 350°C (Fowler 
and Kuroda, 1986) to 400 °C (Holcomb and Young, 1980). The impedance 
spectroscopy study showed that the insulator-conductor transition of enamel is 
observed in air at 350 °C that may be produced for the degradation of the organic 
matrix (Reyes-Gasga and Garcia G, 1999). Since the organic matrix degradation 
process induces an increment in ionic population which increases the ionic current, 
the conductivity transition can be observed (Reyes-Gasga and Garcia G, 1999). 
The electron spin resonance (ESR) spectra of enamel after heating showed a peak 
at 325 °C, which agreed with the maximum loss of organic material detected by 
thermal analysis and suggested ESR signal originated from the organic material 
degradation (Bachmann et al., 2004). DSC plot of enamel presented a pronounced 
exothermic peak from 300 to 400 °C, with a maximum around 350 °C 
(Reyes-Gasga and Garcia G, 2008). The DSC curve began to rise from 150 to 200 
°C (Reyes-Gasga and Garcia G, 2008), indicating that the denaturation happened 
to some extent from 150 to 200 °C.  
The lipids of human enamel mainly contained cholesterol (22.5%), cholesterol 
esters (20%), triglycerides (30%), lecithin (13%), and a variety of other groups 
including monoglycerides, diglycerides, free fatty acids, sphingomyelin, 
phosphatidyl ethanolamine, phosphatidyl serine, phosphotidyl inositol, 
phosphatidic acid and cardiolipin (Odutuga and Prout, 1974). The melting 
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temperatures of cholesterol, cholesterol ester, and lecithin was 149-150 °C 
(Williams et al., 1965), 78-115 °C (Ginsburg et al., 1984), and 231 °C (Small et al., 
1967) respectively. Triglycerides melt over a broad range of temperatures 
(Hagemann et al., 1983). The reaction of fatty acids and oxygen led to peroxide 
formation and a mass increase when the temperature was below 170 °C. Such 
compounds are unstable at temperatures above 170 °C and are easily susceptible 
to thermal degradation accompanied by a decrease in the mass (Skala et al., 1997). 
Under the experimental condition of this study (100 °C), we can speculate that 
the denaturation of enamel matrix happened after thermal treatment according to 
the above studies. Protein denaturation involves a change in the protein structure 
(generally an unfolding) with the loss of activity (Clarkson and Darton, 1999). 
However, there is no direct report about the conformational and structural changes 
of enamel matrix protein at 100 °C. Some components of the lipids in enamel 
would be melted when enamel was heated to 100 °C. Cholesterol ester may melt 
when enamel was heated to 100 °C since its melting temperature is 78-115 °C. 
Some triglycerides may melt since triglycerides melt over a broad range of 
temperatures. When enamel was heated to 200 °C, different conformational and 
structural changes of protein may happen (Tani et al., 1997). However, there is no 
direct report about the conformational and structural changes of enamel matrix 
protein at 200 °C. Some components of the lipids in enamel would be melted when 
enamel was heated to 200 C. The cholesterol and cholesterol ester may melt when 
enamel was heated to 200 °C since the cholesterol’s melting temperature is 
149-150 °C. Triglycerides melt over a broad range of temperatures. We can 
speculate that more triglycerides may melt when enamel was heated to 200 °C 
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than enamel heated to 100 °C. Although there is no direct report about the 
physicochemical properties of enamel matrix after heating, protein denaturation 
generally results in an increase of surface hydrophobicity due to exposure of 
hydrophobic groups that are folded inside the intact native protein molecule (Ju et 
al., 2001). The relationship between melting of lipids and surface properties 
cannot be generalized. Since the organic materials only comprise 1% of the total 
mass of dental enamel, whether or not heat-induced melting and swelling of the 
organic matter may influence the overall physiochemical properties of enamel 
surfaces need further investigation. 
 
5.5.2 Saliva preparation 
 In this study, we did not add an enzyme inhibitor to the saliva. We have 
followed anther protocol for saliva preparation (Sardin et al., 2004). Although 
enzyme activity is likely to be low under our experimental conditions, an enzyme 
inhibitor (phenylmethylsulfonyl fluoride) should be added to be sure that enzyme 
activity does not interfere with our results in further study. The protocol may be 
modified as follows in further studies. Human whole saliva from healthy 
volunteers of both sexes should be collected after stimulation by chewing parafilm. 
After the saliva is pooled and centrifuged twice (10 000g, 15min, 4 ºC), 
phenylmethylsulfonyl fluoride should be added to a final concentration of 1 mM 
as a protease inhibitor. Afterward, the solution should be centrifuged again, 
dialyzed (24 h, 4 ºC) against demineralized water, and freeze-dried for storage. 
The lyophilized saliva should then be dissolved in adhesion buffer (50 mM 
potassium chloride, 2 mM potassium phosphate, 1 mM calcium chloride, pH 6.8) 
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at a concentration of 1.5 g l-1 for experiment (Mei et al., 2009a, b and C).  
 
5.5.3 Buffer system  
We used MES-NaOH buffer in electrophoretic mobility measurements and 
different bacterial adhesion assays to keep the conditions consistent.    
MES-NaOH buffer is one of most popular buffers used for biological studies 
(Lawrie et al., 2006; Zhang et al., 2006). MES-NaOH buffer 
(2-N-Morpholinoethanesulfonic acid-NaOH buffer) is composed by weak acid and 
strong alkali. The buffer pH was adjusted by 1 M NaOH. We always prepared the 
buffer by adding 12.5 ml 1 M NaOH to 25 ml 1 M MES, and then adding 
deionized distilled water to 250 ml (pH=7.0). Nevertheless, it is not relevant to 
oral fluid. Since we just hoped to investigate the effect of heating/saliva on 
bacteria adhesion in this study, a buffer with relatively simple composition was 
used.  
Saliva is 98% water, but it contains electrolyte, mucus, antibacterial 
compounds and enzyme. The electrolytes are composed of 14.8 mM sodium, 22.5 
mM potassium, 0.85 mM calcium, 17.5 mM chloride, 7.5 mM bicarbonate and 2.1 
mM phosphorus (Winer et al., 1965). With so many variables to confound the 
study of forces, it is difficult to make proper interpretation of the effect of saliva 
on bacterial adhesion. Once bacterial adhesion forces were measured in a known 
and standard buffer, the influence of saliva coating on bacterial adhesion would be 
easier to analyze. In future experiments, reconstituted saliva may be used as a 
suspending buffer, which is the clinically relevant buffer. Firstly, human whole 
saliva from healthy volunteers of both sexes can be collected after stimulation by 
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chewing Parafilm. After the saliva is pooled and centrifuged twice (10 000g, 15 
min, 4 ºC), phenylmethylsulfonyl fluoride should be added to a final concentration 
of 1 mM as a protease inhibitor. Afterward, the solution should be centrifuged 
again, dialyzed (24 h, 4 ºC) against demineralized water, and freeze-dried for 
storage. The lyophilized saliva then should be dissolved in adhesion buffer (50 
mM potassium chloride, 2 mM potassium phosphate, 1 mM calcium chloride, pH 
6.8) at a concentration of 1.5 g l-1 for experiment (Mei et al., 2009a, b and C). The 
ionic composition of this buffer (reconstituted saliva) will be closer to human 
saliva. 
 
5.5.4 Adhesion assay  
This adhesion assay protocol used was adapted from another study (Venegas 
et al, 2006). The mass of the enamel particle was very large compared to the mass 
of bacteria. After vortex, the attached bacteria would be separated from the enamel 
particles and be suspended in the buffer and hence they can be drawn by a 
micropipette for plating. It may be impossible to remove all adherent bacteria. We 
might have underestimated the CFU (Colony Forming Unit) for all the groups, 
confounded by “bacteria”, “heating” and “saliva” with different ratios of bacterial 
cells that may be separated from enamel particles after vortex and bias the 
inter-group comparisons. The factors of “bacteria”, “heating” and saliva may 
confound/bias the results. Only natural surfaces should be used. 
 
5.5.5 Effects of heating rate, heating time and rest period on physicochemical 
properties of enamel 
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    In this study, human enamel was heated to 100 and 200 ºC at the rate 2 ºC/ 
min and then cooled down at the same rate. The hydrophobicity of enamel was 
found to increase after heating. The relatively smaller change of CO32- would be 
overwhelmed by the greater changes of OH- and water in increasing the 
hydrophobicity. When the heating rate was too rapid, heterogeneous melting could 
be achieved, and many voids and cracks may be formed (Chiang et al., 2008). 
Hence, the water dropped on its surface may be easily adsorbed, which may 
influence the water contact angle measurements and lead to the lower water 
contact angles. The contact angles of enamel heated for too long time may not be 
measured as the water droplet may be adsorbed quickly without equilibrium stage 
caused by the heated-induced intra- and inter-crystalline voids formation 
(Palamara et al., 1987). The hydroxyapatite heated for a longer time showed more 
negative zeta potential (Tian et al., 2002). The values of contact angles of polished 
and ground enamel slabs increased when enamel had been stored for a longer 
period (de Jong et al., 1982). The hydrophobicity of enamel was found to increase 
after heating in this study. The increased hydrophobicity induced by heating may 
further increase after a long rest period, which may also decrease adhesion of 
some pioneer strains. The influence of storage time on zeta potential of enamel is 
unavailable. Theoretically, more negative zeta potential of enamel may decrease 
the bacterial adhesion, while less negative zeta potential of enamel increases 
bacterial adhesion in liquid (Weerkamp et al., 1988). Currently, other reports 
regarding heating effect on the physicochemical properties (hydrophobicity and 
zeta potential) of enamel are unavailable besides our findings.  
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5.5.6 Nature of the adhesion forces (Fadh)  
   Poisson analysis of adhesion forces with a series of surface delay times during 
the retraction of bacterial probes from enamel surfaces is needed to analyze the 
nature of the adhesion forces measured in the experiments in order to calculate the 
magnitude of the specific and non-specific forces. Only when adhesion forces 
with a series of surface delay times are measured and Poisson analysis is done, the 
specific and non-specific forces can be calculated. Then, we may know that the 
adhesion force measured is mainly specific or non-specific. This should be 
undertaken in future work. Based on the current study, we can only speculate that 
the specific force is relatively small when compared to the total adhesion force 
due to the short duration of interaction (0.1 seconds) since the development of 
hydrogen bonds (specific forces) take time (Mei et al., 2009c).   
 
5.5.7 Measurement of lateral force 
Toothbrush bristles produce shear forces to remove and detach the bacterial 
cells from the tooth surfaces. Shear force describes external force that acts parallel 
to a plane, unlike compressive force and tensile force which act perpendicularly. 
In the oral cavity, salivary flow and mastication may also exert shear forces on 
tooth surfaces (Amaechi and Higham, 2001). However, in this study, we measured 
the vertical force between bacterial cells and enamel surfaces when bacteria 
approached and was retracted from the enamel surface over a period of around 2 
seconds, which is not related to the shear forces. Few studies have been carried 
out to determine the shear parallel/lateral force required to remove cells (Sénéchal 
et al., 2004; Roosjen et al., 2005). This force is more representative of the forces 
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that may be applied during a cleaning process (Boyd and Verran, 2002). Thereafter, 
we can measure the lateral/parallel force required to displace bacteria attached to 
heat-modified enamel surface to explore possible mechanisms for prevention of 
bacterial adhesion. 
  165
CONCLUSION CHAPTER VI  
     Bacterial adhesion to surface has become a significant problem in a variety 
of situations including the dental caries. Initial bacterial adhesion is a result of 
both non-specific and specific interactions. Oral bacterial adhesion to dental 
enamel surfaces depends on many factors including surface free energy, 
hydrophobicity, and surface charge. Numerous studies have demonstrated that 
dental enamel exposed to heat or laser irradiation has increased the resistance to 
caries by reducing the demineralization rate of enamel. However, there have been 
no studies to analyze the heat-induced changes of physicochemical properties, 
such as hydrophobicity (surface free energy) and zeta potential of the enamel 
surfaces. Furthermore, it remains unknown if heat-induced modification of surface 
properties may influence bacterial adhesion. 
   In this study, the physicochemical properties of enamel modulated by heat 
were evaluated. The adhesion of oral pioneer strains to heated enamel was 
quantified by adhesion assay, AFM and CLSM observation. The findings of this 
study can be summarized as follows: 
(1) Thermal treatments changed the surface physicochemical properties of 
enamel. The hydrophobicity of enamel increased after heating. The zeta 
potential of heated enamel was more negative, even after saliva 
coating. 
(2) Three oral pioneer strains demonstrated different physicochemical 
properties and adhesion on enamel surfaces. 
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(3) Thermal treatment decreased adhesion of some pioneer strains, even 
after saliva coating.  
In conclusion, a proper thermal treatment may change the physicochemical 
properties of enamel surfaces to prevent the adhesion of oral pioneer strains in the 
mouth. Therefore, the photothermal effects of laser treatment on enamel surface 
may be promising in preventing the oral bacterial adhesion in addition to the 
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Evaluation of zeta potentials of enamel 
 
The dependent variable of this study is “zeta potential” with the independent 
variables “temperature” and “saliva”. The statistical significances of properties of 
enamel with or without saliva and/or heating are assessed using two-way ANOVA. 
  
 
Table 1.1 Zeta potential measurements for enamel (mean ± SD) 
Different enamel surfaces N Zeta potential (mV) 
Enamel 5 -24.34±1.49 
Enamel heated to 100 ºC 5 -38.68±1.10 
Enamel heated to 200 ºC 5 -37.42±0.92 
Saliva-coated enamel  5 -11.68±1.70 
Saliva-coated enamel after 
heating to 100 ºC 5 -20.90±1.02 
Saliva-coated enamel after 
heating to 200 ºC 5 -17.58±0.37 
 
 




saliva * temperature <0.001*** 
 
Since there is interaction between the effect of “temperature” and “saliva”, 
the two effects are evaluated separately by one-way ANOVA with Post-hoc 
















Table 1.3 Pairwise comparisons of effects of factor “temperature” before and after Bonferroni correction 
Significance level  
 
Without saliva coating With saliva coating 
Enamel without heating Vs Enamel 
heated to 100 ºC <0.001*** <0.001*** <0.001***  <0.001***
Enamel without heating Vs Enamel 
heated to 200 ºC <0.001*** <0.001*** <0.001*** <0.001***
Enamel heated to 100 ºC Vs 
Enamel heated to 200 ºC 0.259 0.518 0.002** 0.004** 
Levene’s test 0.697 0.161 
In the above analysis, Tukey Post-hoc multiple comparisons are used since equal variances are assumed. The 
p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 2 for 







Table 1.4  Pairwise comparisons of effects of factor “saliva” before and after Bonferroni correction 
Significance level  
without heating 100 ºC 200ºC 
Without saliva coating Vs 
with saliva coating 
<0.001*** <0.001*** <0.001*** <0.001** <0.001*** <0.001*** 
Levene’s test 0.894 0.748 0.058 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 3 



















Appendix A2                           
 
Evaluation of hydrophobicity of enamel 
 
 
The dependent variable of this part of study is “ΔGsws” with the independent 
variables “temperature” and “saliva”. The statistical significances of properties of 




Table 2.1 Hydrophobicity of enamel expressed as ΔGsws(Mean±SD) 
Different enamel surfaces N  ΔGsws (mJ·m-2) 
Enamel 12 -18.7±4.4 
Enamel heated to 100 ºC 12 -40.2±4.0 
Enamel heated to 200 ºC  12 -45.9±5.1 
Saliva-coated enamel 12 19.3±3.9 
Saliva-coated enamel after heating to 100 ºC 12 9.9±8.2 








saliva * temperature <0.001*** 
 
Since there is interaction between the effect of “temperature” and “saliva”, 















Table 2.3  Pairwise comparisons of effects of factor “temperature” before and after Bonferroni correction 
Significance level  
 
Without saliva coating With saliva coating 
Enamel without heating Vs Enamel heated 
to 100 ºC <0.001*** <0.001*** 0.008** 0.016* 
Enamel without heating Vs Enamel heated 
to 200 ºC <0.001*** <0.001*** <0.001*** <0.001***
Enamel heated to 100 ºC Vs Enamel heated 
to 200 ºC 0.010* 0.020* 0.430 0.860  
Levene’s test 0.465 0.046 
In above analysis, Tukey Post-hoc multiple comparisons are used when equal variances are assumed. Dunnett 
T3 multiple comparisons are used and specified in italic when equal variances are not assumed. The p values 
before Bonferroni correction are underlined. The underlined p values have to be multiplied by 2 for 




Table 2.4    Pairwise comparisons of effects of factor “saliva” before and after Bonferroni correction 
Significance level  
without heating 100 ºC 200ºC 
Without saliva coating Vs 
with saliva coating
<0.001*** <0.001*** <0.001*** <0.001*** <0.001*** <0.001*** 
Levene’s test 0.898 0.006 0.306 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 3 

















Appendix A3                           
 
Evaluation of the bacterial zeta potentials 
 
The dependent variable of this part of study is “zeta potential” with the 
independent variables “bacteria”. One-way ANOVA is used to evaluate the 
statistical significance of properties of different bacteria, together with Post-hoc 
multiple comparisons tests with SPSS 16 software (SPSS Inc., Chicago, IL). 
    
Table 3.1 Zeta potential measurements for bacterial cells (mean ± SD) 
Organisms N Zeta potential (mV) 
S. mitis  5 -2.86±0.57 
S. oralis  5 -2.34±0.21 
S. sanguis  5 -0.86±0.31 
    
 
 
Table 3.2 Pairwise comparisons of zeta potentials of different bacteria 
 
Significant level 
S. mitis Vs S.oralis 0.134  
S. mitis Vs S.sanguis <0.001*** 
S.oralis Vs S.sanguis <0.001*** 
Levene’s test 0.384 





Appendix A4                           
 
Evaluation of the bacterial hydrophobicity 
 
The dependent variable of this part of study is “ΔGsws” with the independent 
variables “bacteria”. One-way ANOVA is used to evaluate the statistical 
significance of properties of different bacteria, together with Post-hoc multiple 
comparisons tests with SPSS 16 software (SPSS Inc., Chicago, IL) 
       
 









              
 
Table 4.2 Pairwise comparisons of ΔGsws of different bacteria 
 
Significant level 
S. mitis Vs S.oralis 0.971  
S. mitis Vs S.sanguis <0.001*** 
S.oralis Vs S.sanguis <0.001*** 
Levene’s test 0.180 
        Tukey Post-hoc multiple comparisons are used since equal variances are assumed.  
Organisms N ΔGsws (mJ·m-2) 
S. mitis 12 26.2±1.0 
S. oralis 12 26.1±1.7 
S. sanguis 12 23.3±1.7 
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Appendix A5                           
 
Zeta Potentials analysis of oral pioneer strains after  
glutaraldehyde treatment 
 
In order to evaluate the glutaraldehyde effects on zeta potentials of bacteria, 
two-way ANOVA is used to evaluate the significant level of “glutaraldehyde 




Table 5.1 Zeta potential measurements for bacterial cells with and without glutaraldehyde treatment 
(mean ± SD ) 
Zeta potential (mV) 
Organisms N
Without Glutaraldehyde Treatment With Glutaraldehyde Treatment 
S. mitis  5 -2.86±0.57 -2.04±0.73 
S. oralis  5 -2.34±0.21 -2.74±0.55 
S. sanguis  5 -0.86±0.31 -0.76±0.82 




          Table 5.2  Summary of two-way ANOVA analysis  
Factors Significance level 
Bacteria <0.001*** 
Glutaraldehyde treatment 0.418 


















Appendix A6                           
 
 
Contact angles analysis of oral pioneer strains after 
glutaraldehyde treatment 
 
In order to evaluate the glutaraldehyde effects on contact angles of bacteria 
under different liquids, two-way ANOVA is used to evaluate the significant level 
of “glutaraldehyde treatment” effects on the dependent variables with SPSS 16 
software (SPSS Inc., Chicago, IL). 
The water, formamide and diiodomethane contact angles for S. mitis, S. 
oralis and S. sanguis with and without glutaraldehyde treatment are not 
significantly different respectively (all p>0.05) (Table 6.2, 6.3 and 6.5). 
 
 
Table 6.1 Contact angle measurements of bacterial cells with and without glutaraldehyde treatment (mean ± SD) 
 
 
aContact angle of microbial lawn under double-distilled water 
bContact angle of microbial lawn under formamide 
cContact angle of microbial lawn under diiodomethane 
 
 



















S. mitis  12 15.0±1.1 14.7±1.2 13.3±1.0 14.1±1.0 54.3±3.8 52.7±2.4 
S. oralis  12 17.5±1.5 17.5±0.8 15.9±2.1 14.9±1.7 54.1±2.1 55.5±1.8 
S. sanguis  12 22.3±1.2 21.8±1.2 17.5±1.0 18.1±1.5 52.7±1.8 54.2±2.1 
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Since there is interaction between “bacteria” and “glutaraldehyde treatment” for 
diiodomethane contact angle analysis, the effect of glutaraldehyde on the 





Table 6.3  Effects of glutaraldehyde on the diiodomethane CA before and after Bonferroni correction 
Significant level 
 
S. mitis  S. oralis  S. sanguis  
Without glutaraldehyde Vs with glutaraldehyde 0.219 0.657 0.093 0.279 0.067 0.201 
Levene’s test 0.511 0.852 0.678 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 3 













Bacteria <0.001*** <0.001*** 0.110 
Glutaraldehyde treatment 0.369  0.692 0.443 
Bacteria * Glutaraldehyde treatment 0.758  0.087 0.044* 
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Appendix A7                           
 
Evaluation of bacterial adhesion by adhesion assay 
 
   The dependent variables of this part study included “bacterial adhesion to the 
enamel” with the independent variables “temperature”, “saliva” and “bacteria”. 
Factorial ANOVA with Bonferroni correction are performed to evaluate the 
significant level of factors and potential interactions between factors related to the 
“bacterial adhesion to the enamel” with SPSS 16 software (SPSS Inc., Chicago, 
IL). 
 
Table 7.1    Adhesion (%) of bacteria to different enamel particles (mean±SD) 
 
 
Table 7.2   Statistical results of the factorial analysis 




Temperature * saliva 0.004** 
Temperature * bacteria  0.161 
Saliva * bacteria 0.006** 
Temperature * saliva *bacteria 0.575 
 
Since there is interaction between “saliva” and “temperature” and “saliva” and 
“bacteria”, the two-way ANOVA is used by general linear model with split file for 
each factor. 
  
Adhesion (%)  
Different enamel samples N 
S. mitis S. oralis S. sanguis 
Enamel 5 37.4±2.8 48.0±7.9 52.6±12.2 
Enamel heated to 100 ºC 5 24.6±4.7 33.8±5.1 49.0±14.2 
Enamel heated to 200 ºC 5 24.4±8.7 33.4±4.8 60.0±16.4 
Saliva-coated enamel 5 61.2±4.4 65.0±2.3 65.2±17.3 
Saliva-coated enamel after 
heating to 100 ºC 5 34.6±5.9 44.4±7.4 48.4±10.2 
Saliva-coated enamel after 
heating to 200 ºC 5 33.0±5.7 42.0±11.8 45.2±11.7 
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Table 7.3  Summary of Two-Way ANOVA after split file for factor “saliva” before and after Bonferroni 
correction 
Significant level  Factors 
without saliva coating with saliva coating 
temperature 0.021* 0.042* <0.001*** <0.001** 
bacteria <0.001*** <0.001** 0.019* 0.038* 
temperature * bacteria  0.112 0.224 0.818 1 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 2 




Table 7.4 Summary of two-way ANOVA after split file for factor “bacteria” before and after Bonferroni 
correction 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 3 
for adjustment of Bonferroni correction. 
 
 
  Table 7.5 Summary of two-way ANOVA after split file for factor “temperature” before and after Bonferroni 
correction 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 3 
for adjustment of Bonferroni correction. 
 
 
Since the pairwise comparisons of factors “temperature”, saliva” and 
“bacteria” are our interest and can be used to compare with other studies, the 
general linear model with split file for the other two independent variables are 
used to analyze the individual effect. 
Significance level Factors 
S. mitis S. oralis S. sanguis 
temperature <0.001*** <0.001*** <0.001*** <0.001*** 0.273 0.819 
saliva <0.001*** <0.001*** <0.001*** <0.001*** 0.856 1 
temperature* saliva 0.011* 0.033* 0.409 1 0.109 0.327 
Significance level Factors 
Without heating  100 ºC  200 ºC 
bacteria 0.083 0.249 <0.001*** <0.001*** <0.001*** <0.001*** 
saliva <0.001*** <0.001*** 0.044* 0.132 0.838 1 
bacteria * saliva 0.427 1 0.280 0.840 0.031 0.093 
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                   Table 7.6  Pairwise comparisons of the effects of factor “temperature” before and after Bonferroni correction 
Tukey Post-hoc multiple comparisons are used since equal variances are assumed.  
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 6 for adjustment of Bonferroni correction. 
 
 
Table 7.7  Pairwise comparisons of the effects of factor “saliva” before and after Bonferroni correction 
Tukey Post-hoc multiple comparisons are used when equal variances are assumed. Dunnett’s T3 multiple comparisons are used and specified in italic when equal variances are 
not assumed. The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 9 for adjustment of Bonferroni correction. 
 
 
Significance level  
Without saliva With saliva 
 
S. mitis S. oralis S. sanguis S. mitis S. oralis S. sanguis 
without heating Vs 
100 ºC 
0.014* 0.084 0.008** 0.048* 0.918 1.000 <0.001*** <0.001*** 0.005** 0.030* 0.158 0.948 
without heating Vs 
200 ºC 
0.012* 0.072 0.007** 0.042* 0.702 1.000 <0.001*** <0.001*** 0.002** 0.012* 0.085 0.510 
100 ºC Vs 200 ºC 0.998 1.000 0.994 1.000 0.470 1.000 0.887 1.000 0.889 1.000 0.925 1.000 
Levene’s test 0.403 0.261 0.727 0.780 0.210 0.309 
Significance level 
S. mitis S. oralis S. sanguis 
 
Without heating 100 ºC 200 ºC  Without heating 100 ºC 200 ºC  Without 
heating
100 ºC 200 ºC  
without Vs with 
saliva coating 
<0.001*** <0.001*** 0.018* 0.162 0.103 0.927 0.007** 0.063 0.030* 0.270 0.170 1 0.219 1 0.941 1 0.139 1 
Levene’s test 0.336 0.392 0.606 0.018 0.768 0.286 0.396 0.207 0.320 
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Table 7.8  Pairwise comparisons of the effects of factor “bacteria” before and after Bonferroni correction 
 
Tukey Post-hoc multiple comparisons are used when equal variances are assumed. Dunnett’s T3 multiple comparisons are used and specified in italic when equal variances are 
not assumed. The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 6 for adjustment of Bonferroni correction. 
Significance level 
Without saliva coating With saliva coating 
 
Without heating 100 ºC 200 ºC Without heating 100 ºC 200 ºC 
S. mitis Vs S. oralis 0.093 0.558 0.049* 0.294 0.220 1 0.334 1 0.172 1 0.370 1 
S. mitis Vs S. sanguis 0.119 0.714 0.040* 0.240 0.014* 0.084 0.939 1 0.046* 0.276 0.181 1 
S. oralis Vs S. sanguis 0.857 1 0.182 1 0.050 0.300 1.000 1 0.717 1 0.873 1 
Levene’s test 0.002 0.003 0.047 0.003 0.654 0.475 
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Appendix A8                           
 
 
Summary of CLSM data 
 
    The dependent variables of this part of study included “ratios of area 
occupied by bacteria” with the independent variables “thermal treatment”, “saliva 
coating” and “bacteria”. A factorial ANOVA and the pairwise comparisons with 
the Bonferroni-correction are used with SPSS 16 software (SPSS Inc., Chicago, IL) 
to evaluate the significant level of factors related to the “ratios of area occupied by 
bacteria”.  
 
Table 8.1  Ratios of Area Occupied by three bacteria (%) (mean ± SD ) 
 
Table 8.2  Statistical Significance of Test Between-Subject Effects of ratios of area occupied 
Factor Significance level 
Temperature <0.001*** 
Saliva coating 0.601 
Bacteria <0.001*** 
Temperature * saliva coating 0.177 
Temperature * bacteria  0.057 
Saliva coating * bacteria 0.096 
Temperature * saliva coating * bacteria 0.995 
 
 
Since there is no interaction between any independent variables, the main 




Different enamel samples S. mitis S. oralis S. sanguis 
Enamel 1.81±0.29 3.18±0.83 3.54±0.82 
Enamel heated to 100 ºC 0.49±0.27 0.81±0.22 3.20±0.70 
Enamel heated to 200 ºC 0.52±0.10 0.86±0.29 3.31±3.10 
Saliva-coated enamel 2.86±1.27 4.58±0.19 3.58±0.83 
Saliva-coated enamel after 
heating to 100 ºC 
0.78±0.12 1.15±0.30 2.34±0.85 
Saliva-coated enamel after 
heating to 200 ºC 
0.80±0.96 0.81±0.09 2.08±0.80 
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Two-way ANOVA is used by general linear model with split file for each factor. 
  
Table 8.5  Summary of two-way ANOVA after split file for factor “saliva” before and after Bonferroni 
correction 
Significant level  Factors 
without saliva coating with saliva coating 
temperature 0.038* 0.076 <0.001*** <0.001*** 
bacteria 0.001** 0.002** 0.009** 0.018* 
temperature * bacteria  0.536 1 0.078 0.156 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 2 




Table 8.6 Summary of two-way ANOVA after split file for factor “bacteria” before and after Bonferroni 
correction 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 3 
for adjustment of Bonferroni correction. 
 
 Significance level 
S. mitis & S. oralis 0.113 
S. mitis & S. sanguis <0.001*** 
S. oralis & S. sanguis 0.004** 
 Significance level 
without heating Vs 100 ºC <0.001*** 
without heating Vs 200 ºC <0.001*** 
100 ºC Vs 200 ºC 1 
Significance level  
S. mitis S. oralis S. sanguis 
temperature 0.001** 0.003** <0.001*** <0.001*** 0.543 1 
saliva 0.117 0.351 0.011* 0.033* 0.339 1 
temperature* saliva 0.537 1 0.023* 0.069 0.749 1 
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Table 8.7 Summary of two-way ANOVA after split file for factor “temperature” before and after Bonferroni 
correction 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 3 
for adjustment of Bonferroni correction. 
 
 
However, since the pairwise comparisons of factors “temperature”, “saliva” 
and “bacteria” are our interest and can be used to compare with other studies, the 
general linear model with split file for the other two independent variables are 
used to analyze the individual effect.  
Since the “saliva” has no effect, it is not necessary to do the pairwise 
comparisons for it. 
 
Significance level  
Without heating  100 ºC  200 ºC 
bacteria 0.013* 0.039* <0.001*** <0.001*** 0.045* 0.135 
saliva 0.048* 0.144 0.736 1 0.616 1 
bacteria* saliva 0.335 1 0.098 0.294 0.614 1 
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Table 8.8   Pairwise comparisons of the effects of factor “temperature” before and after Bonferroni correction 
Tukey Post-hoc multiple comparisons are used when equal variances are assumed. Dunnett’s T3 multiple comparisons are used and specified in italic when equal variances are 
not assumed. The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 6 for adjustment of Bonferroni correction. 
 
 
Table 8.9 Pairwise comparisons of the effects of factor “bacteria” before and after Bonferroni correction 
Tukey Post-hoc multiple comparisons are used when equal variances are assumed. Dunnett’s T3 multiple comparisons are used and specified in italic when equal variances are 
not assumed. The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 6 for adjustment of Bonferroni correction. 
 
 
Significance level  
Without saliva With saliva 
 
S. mitis S. oralis S. sanguis S. mitis S. oralis S. sanguis 
without heating Vs 100 ºC 0.001** 0.006** 0.004** 0.024* 0.920 1 0.072 0.432 <0.001*** <0.001*** 0.241 1 
without heating Vs 200 ºC 0.001** 0.006** 0.004** 0.024* 0.999 1 0.075 0.450 <0.001*** <0.001*** 0.148 0.888 
100 ºC Vs 200 ºC 0.992 1 0.994 1 1 1 0.999 1 0.197 1 0.921 1 
Levene’s test 0.148 0.052 0.025 0.076 0.085 0.998 
Significance level 
Without saliva coating With saliva coating 
 
Without heating 100 ºC 200 ºC Without heating 100 ºC 200 ºC 
S. mitis Vs S. oralis 0.115 0.690 0.678 1 0.359 1 0.118 0.708 0.667 1 1 1 
S. mitis Vs S. sanguis 0.051 0.306 0.001** 0.006** 0.487 1 0.605 1 0.025* 0.150 0.343 1 
S. oralis Vs S. sanguis 0.801 1 0.002** 0.012* 0.559 1 0.403 1 0.074 0.444 0.224 1 
Levene’s test 0.344 0.315 0.006 0.113 0.107 0.036 
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Appendix A9                           
 
Summary of AFM data 
 
The dependent variable of this part of study is “adhesion force”. The 
independent variables included “temperature”, “saliva” and “bacteria” with the 
random factor “tip”. Factorial ANOVA and multiple comparisons with Bonferroni 
correction are performed to evaluate the significant level of factors and potential 
interactions between factors related to the “adhesion force” with SPSS 16 
software. 
 
Table 9.1  Adhesion Forces of Bacteria to Enamel Surfaces  
 
Tableland 9.2 Summary of factorial analysis 




Temperature * Saliva 0.005** 
Temperature * Bacteria <0.001*** 
Saliva * Bacteria <0.001*** 
Temperature * Saliva*Bacteria 0.056 
 
 
Since there is interaction between any two factors, general linear model with 




Fadh (pN)a  N 
S. mitis S. oralis S. sanguis 
Enamel 3 374.2±64.3 1177.9±343.1 184.4±44.8 
Enamel heated to 100 ºC 3 99.0±46.2 454.0±112.3 218.3±62.7 
Enamel heated to 200 ºC 3 80.0±8.7 448.3±88.6 226.3±85.9 
Saliva-coated enamel 3 163.4±23.3 357.8±42.5 318.8±136.7 
Saliva-coated enamel after heating to 100 ºC 3 58.5±7.8 76.2±9.1 359.8±56.1 
Saliva-coated enamel after heating to 200 ºC 3 57.9±12.5 76.2±2.6 336.7±55.4 
  211
Table 9.3 Summary of two-way ANOVA after split file for factor “saliva” before and after Bonferroni 
correction 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 2 
for adjustment of Bonferroni correction. 
 
 
Table 9.4 Summary of two-way ANOVA after split file for factor “bacteria” before and after Bonferroni 
correction 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 3 
for adjustment of Bonferroni correction. 
 
 
Table 9.5 Summary of two-way ANOVA after split file for factor “temperature” before and after Bonferroni 
correction 
The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 3 
for adjustment of Bonferroni correction. 
 
 
Since there are interactions between any two independent factors and the 
effects of factors “temperature”, saliva” and “bacteria” are our interest, the general 
linear model with fixation of other two independent variables are used to analyzed 




Without saliva With saliva 
temperature <0.001*** <0.001*** <0.001*** <0.001*** 
bacteria <0.001*** <0.001*** <0.001*** <0.001*** 
Temperature * bacteria 0.001** 0.002** 0.001** 0.002** 
Significance level  
S. mitis S. oralis S. sanguis 
temperature <0.001*** <0.001*** <0.001*** <0.001*** 0.699 1 
saliva <0.001*** <0.001*** <0.001*** <0.001*** 0.005** 0.015* 
temperature* saliva 0.001** 0.003** 0.04* 0.12 0.939 1 
Significance level  
Without heating  100 ºC  200 ºC 
bacteria <0.001*** <0.001*** <0.001*** <0.001*** <0.001*** <0.001*** 
saliva 0.002** 0.006** 0.007** 0.021* 0.004** 0.012* 
bacteria* saliva 0.001** 0.003** <0.001*** <0.001*** <0.001*** <0.001*** 
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               Table 9.6 Pairwise comparisons of the effects of factor “temperature” before and after Bonferroni correction 
Tukey Post-hoc multiple comparisons are used when equal variances are assumed. Dunnett’s T3 multiple comparisons are used and specified in italic when equal variances are 





Table 9.7 Pairwise comparisons of the effects of factor “saliva” before and after Bonferroni correction 
Tukey Post-hoc multiple comparisons are used when equal variances are assumed. Dunnett’s T3 multiple comparisons are used and specified in italic when equal variances are 
not assumed. The p values before Bonferroni correction are underlined. The underlined p values have to be multiplied by 9 for adjustment of Bonferroni correction. 
Significance level  
Without saliva With saliva 
 
S. mitis S. oralis S. sanguis S. mitis S. oralis S. sanguis 
without heating Vs 100 ºC 0.001** 0.006** 0.014* 0.084 0.813 1 0.001** 0.006** 0.012* 0.072 0.850 1 
without heating Vs 200 ºC 0.001** 0.006** 0.014* 0.084 0.733 1 0.001** 0.006** 0.015* 0.090 0.969 1 
100 ºC Vs 200 ºC 0.871 1 0.999 1 0.988 1 0.999 1 1 1 0.949 1 
Levene’s test 0.165 0.057 0.364 0.128 0.013 0.119 
Significance level 
S. mitis S. oralis S. sanguis 
 
Without heating 100 ºC 200 ºC  Without heating 100 ºC 200 ºC  Without 
heating 
100 ºC 200 ºC  
without Vs with 
saliva coating 
0.006** 0.054 0.209 1 0.067 0.603 0.052 0.468 0.028* 0.252 0.018* 0.162 0.181 1 0.044* 0.396 0.135 1 




Table 9.8 Pairwise comparisons of the effects of factor “bacteria” before and after Bonferroni correction 
Tukey Post-hoc multiple comparisons are used when equal variances are assumed. Dunnett’s T3 multiple comparisons are used and specified in italic when equal variances are 








Without saliva coating With saliva coating 
 
Without heating 100 ºC 200 ºC Without heating 100 ºC 200 ºC 
S. mitis Vs S. oralis 0.108 0.648 0.004** 0.024* 0.038* 0.228 0.013* 0.078 0.153 0.918 0.783 1 
S. mitis Vs S. sanguis 0.043* 0.258 0.232 1 0.197 1 0.365 1 0.022* 0.132 <0.001*** <0.001*** 
S. oralis Vs S. sanguis 0.075 0.450 0.025* 0.150 0.088 0.528 0.946 1 0.024* 0.144 <0.001*** <0.001*** 
Levene’s test 0.024 0.173 0.044 0.030 0.032 0.072 
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Note: Tips coated with S. sanguis which were used to interact with enamel and saliva-coated 
enamel. 
 
Tip 3 (S.sanguinis to enamel group) 
Tip 2 (S. sanguinis to enamel group) Tip 1 (S. sanguinis to enamel group) 
Tip 1 (S. sanguinis to saliva-coated enamel group) 
Tip 2 (S. sanguinis to saliva-coated enamel group) Tip 3 (S. sanguinis to saliva-coated enamel group) 



















































Note: Tips coated with S. oralis which were used to interact with enamel and saliva-coated 
enamel. 
 
Tip 1 (S. oralis to saliva-coated enamel group) 
Tip 2 (S. oralis to saliva-coated enamel group) Tip 3 (S. oralis to saliva-coated enamel group) 
Tip 1 (S .oralis to enamel group) 
 
Tip 2 (S. oralis to enamel group) 
 
























































Tip 1 (S. mitis to enamel group) Tip 2 (S. mitis to enamel group) 
Tip 1 (S. mitis to saliva-coated enamel group) 
Tip 2 (S. mitis to saliva-coated enamel group) Tip 3 (S .mitis to saliva-coated enamel group) 
Tip 2 (S. mitis to enamel group) 
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Appendix C  
 
Permission obtained for adaptation/modification of figures 
 
Permission obtained for adaptation/modification of Figure 2.1 
 
From: Van Houdt Rob [rvhoudto@SCKCEN.BE] 
Sent: Thursday, July 15, 2010 10:30 PM 
To: Hu Xiaoli 
Subject: RE: your pemission 
Dear Xiaoli, 
Of course you have my permission. 
rob 
  
From: Hu Xiaoli 
Sent: Wednesday, July 14, 2010 8:47 PM 
To: rob.van.houdt@sckcen.be 
Subject: your pemission 
Dear Dr. Van Houdt, 
May I get your permission to adapt the figure 1 in your article "Role of bacterial 
cell surface structures in Escherichia coli biofilm formation" published in 2005 for 






From: Harris, Kayleigh (ELS-OXF) [K.Harris@elsevier.com] 
Sent: Friday, July 16, 2010 6:41 PM 
To: Hu Xiaoli 






Dear Dr. Hu,   
We hereby grant you permission to reprint the material detailed below at no 
charge in your thesis subject to the following conditions: 
   
1. If any part of the material to be used (for example, figures) has appeared in our 
publication with credit or acknowledgement to another source, permission must 
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also be sought from that source.  If such permission is not obtained then that 
material may not be included in your publication/copies. 
   
2. Suitable acknowledgment to the source must be made, either as a footnote or in 
a reference list at the end of your publication, as follows: 
   
“This article was published in Publication title, Vol number, Author(s), Title of 
article, Page Nos, Copyright Elsevier (or appropriate Society name) (Year).” 
   
3. Your thesis may be submitted to your institution in either print or electronic 
form.  
   
4.  Reproduction of this material is confined to the purpose for which permission 
is hereby given.  
   
5. This permission is granted for non-exclusive world English rights only.  For 
other languages please reapply separately for each one required.  Permission 
excludes use in an electronic form other than submission.  Should you have a 
specific electronic project in mind please reapply for permission. 
   
6.  Should your thesis be published commercially, please reapply for permission.  
   
Yours sincerely  
   
Kayleigh Harris 
Right Administrator 
Elsevier Ltd  
   
From: Hu Xiaoli 
Sent: 15 July 2010 15:50 
To: Rights and Permissions (ELS) 
Subject: FW: your pemission 
 
Dear Dr Truter, 
May I get your permission to adapt the figure 1 in the article "Role of bacterial 
cell surface structures in Escherichia coli biofilm formation" published in "Res 












Permission obtained for adaptation/modification of Figure 2.2 
 
From: Itzhak Ofek [aofek@post.tau.ac.il] 
Sent: Sunday, July 18, 2010 3:45 PM 
To: Hu Xiaoli 
Cc: Marylin Doyle 
Subject: Re: permission 
Dear Xiaoli,  
you have a permission to use the figure on "Relative hydrophobicity of bacterial 
cell surface components" in my book "Bacterial adhesion to cells and 
tissues" published in 1994 co-authored by the late Prof. Ron Doyle. If you will 
have the theis in English Please sedn me a pdf if possible for my records to this 
effect. I am cpying this E mail to Ron Doyl's wife, Marylin Doyle who may also 
give permission to this request.   
 
Good luck     Prof. Itzhak Ofek 
 
 
From: Hu Xiaoli 
Sent: Wednesday, July 14, 2010 9:58 PM 
To: aofek@post.tau.ac.il 
Subject: permission 
   
Dear Prof, 
May I get your permission to adapt the figure about "Relative hydrophobicity of 
bacterial cell surface components" in your book "Bacterial adhesion to cells and 
tissues" published in 1994 for my PhD thesis?  






Permission obtained for adaptation/modification of Figure 2.3 
 
From: Busscher, HJ (med) [h.j.busscher@med.umcg.nl] 
Sent: Tuesday, July 27, 2010 3:44 AM 
To: Hu Xiaoli 
Subject: RE: permission 
Please feel free, provided you provide ample acknowledgement to our original 
work. 
  
Vriendelijke groet, Kind regards, 




From: Hu Xiaoli 




May I get your permission to adapt and modify the figure about "Description of 
bacterial adhesion, non-specific and specific interaction" in your article 
"Pathogenesis and prevention of biomaterial centered infections"published in 2002 
for my PhD thesis?  








Permission obtained for adaptation/modification of Figure 2.4 
 
From: Marc Quirynen [marc.quirynen@uzleuven.be] 
Sent: Wednesday, June 30, 2010 4:47 PM 
To: Hu Xiaoli 
Subject: RE: permission 
Of course you can. 
Prof. M. QUirynen 
  
From: Hu Xiaoli 




May I get your permission to adpat the figure "Diagram showing that the total 
potential energy of interaction is the sum of the van der Waals force (VA) and 
electrostatic interaction (VR) as a function of distance between two surfaces" 
in the chapter "Effects of surface roughness and free energy on oral bacterial 











Permission obtained for adaptation/modification of Figure 2.5 
 
From: Jan Hoh [jhoh@jhmi.edu] 
Sent: Sunday, June 27, 2010 12:39 PM 
To: Hu Xiaoli 
Subject: Re: permission 
Sure - you are welcome to do that.  
Jan 
 
From: Hu Xiaoli 




May I get your permission to adapt the figure "Components of an uncorrected 
force curve with the different regions of the approach and retraction portions" in 
your article "Spatially resolved force spectroscopy of biological surfaces using the 
atomic force microscope" published in 1999 for my PhD thesis? 
  
Thanks 
Xiaoli 
 
